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Abstract 


From  July  1986  to  July  1991,  a  joint  MIT-SNL  research  team  developed  a 
controller  capable  of  safely  raising  reactor  power  by  approximately  five  orders  of 
magnitude  in  a  few  seconds.  This  controller  was  experimentally  demonstrated  on  the  MIT 
Research  Reactor  (MITR-II)  as  well  as  on  the  Sandia  National  Laboratories'  Annular  Core 
Research  Reactor  (ACRR).  This  controller’s  intended  application  is  for  the  control  of 
spacecraft  nuclear  reactors.  However,  it  also  has  direct  application  for  the  control  of 
military,  conunercial,  and  research  reactors. 

This  report  is  concerned  with  a  method  for  enhancing  the  controller's  performance 
through  the  development  of  an  improved  model  to  validate  estimates  of  the  magnitude  of 
reactivity  feedback  effects.  The  focus  is  on  the  Doppler  effect  but  the  resulting  model  is 
applicable  to  other  types  of  reactivity  feedback  such  as  that  associated  with  the  thermal 
effects  of  a  hydrogen  coolant.  The  specific  accomplishments  of  this  report  include: 

1.  The  development  of  a  reactor  model  that  generates  analytic  values  of  reactivity 
resulting  from  reactor  temperature  variation. 

2.  The  development  of  an  adaptive  estimation  routine  to  correct  deficiencies  in  the 
reactor  model  so  that  the  model  generates  the  validated  estimate  of  reactivity  in 
real  time.  (Note;  For  the  purpose  of  this  report  the  inverse  kinetics  estimate  of 
reactivity  is  assumed  to  be  correct). 

3.  Application  of  a  parity  space  approach  to  provide  for  validation  of  assumed 
independent  reactivity  inputs. 
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4.  Performance  of  system  analysis  to  determine  the  minimum  number  of  sensor  inputs 
to  implement  the  closed  form  control  laws  and  still  allow  for  automated  fault 
diagnosis. 

5.  Demonstrations  of  the  adaptive  estimation  routine  for  reactivity. 
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1.  Introduction 


1.1  Objectives 

This  report  describes  the  theoretical  analysis  and  evaluation  through  computer 
simulations  of  an  improved  reactivity  estimation  and  validation  scheme.  The  use  of  an 
adaptive  reactivity  model  represents  a  potential  improvement  to  the  MIT-SNL  Period- 
Generated  Minimum  Time  Reactor  Neutronic  Power  Controller  [1],  The  MTT-SNL 
control  scheme  has  been  successfully  demonstrated  on  both  the  MIT  Research  Reactor 
(MITR-II)  and  the  Sandia  National  Laboratories'  Aimular  Core  Research  Reactor 
(ACRR).  These  demonstrations  showed  the  controller  to  be  capable  of  changing  reactor 
power  by  approximately  five  orders  of  magnitude  in  a  few  seconds.  Thermal  feedback 
reactivity  is  one  of  several  inputs  required  to  determine  the  proper  rod  control  response  to 
achieve  a  desired  power  level.  Experiments  conducted  on  the  Annular  Core  Research 
Reactor  (ACRR)  during  the  period  July  1986  to  July  1991  revealed  that  estimates  of  the 
thermal  feedback  reactivity  calculated  via  correlation  to  measured  reactor  fuel  temperature 
were  not  always  accurate.  These  inaccuracies  were  traceable  to  time  delays  associated 
with  the  temperature  measurement  process  [2]. 

The  reactivity  estimation  routine  developed  here  uses  an  energy  deposition  model 
with  reactor  power  as  its  input  signal.  In  addition  to  incorporating  a  more  responsive 
input  signal,  this  reactivity  estimation  routine  makes  use  of  adaptive  Kalman  estimation. 
This  corrects  the  model  for  errors  in  the  time-dependent  behavior  of  the  feedback 
reactivity  model's  thermal-hydraulic  parameters.  The  input  to  the  Kalman  estimation 
routine  is  a  reactivity  signal  obt^uned  by  applying  the  parity  space  validation  approach  to 
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three  reactivity  signals  that  are  assumed  to  be  independent  [3].  Chapter  Two  discusses 
the  source  of  these  signals. 


A  system  analysis  of  the  MIT-SNL  Controller  is  also  made  to  determine  the 
minimum  number  of  sensor  inputs  necessaiy  to  implement  the  MIT-SNL  closed  form 
control  laws  and  allow  for  automated  fault  diagnosis. 

1.2  Background 

This  report  deals  with  an  enhancement  to  the  MIT-SNL  period-generated, 
minimum-time  reactor  neutronic  power  controller.  This  controller’s  intended  use  is  for  the 
control  of  spacecraft  nuclear  reactors.  However,  it  also  has  direct  applications  for  the 
control  of  military,  commercial,  and  research  reactors.  The  theoretical  analysis  of  the 
adaptive  reactivity  estimation  model  is  generic  in  derivation.  The  simulations  for  model 
verification  use  the  Annular  Core  Research  Reactor  for  implementation. 

1.2.1  The  MIT-SNL  Minimum-Time  Controller 

The  MIT-SNL  minimum-time  neutronic  power  controller  has  as  its  basis  the  MIT- 
SNL  minimum-time  control  laws.  The  derivation  of  the  minimum-time  control  laws,  their 
implementation  as  the  basis  for  a  reactor  power  controller,  and  the  subsequent 
experimental  evaluation  of  the  controller  are  described  in  detail  in  "Formulation  and 
Experimental  Evaluation  of  Closed-Form  Control  Laws  for  the  Rapid  Maneuvering  of 
Reactor  Power"  and  "Startup  and  Control  of  Nuclear  Reactors  Characterized  by  Space- 
Independent  Kinetics".  These  reports,  by  Dr.  John  A.  Bernard  Jr.,  trace  the  MIT-SNL 
minimum-time  neutronic  power  controller  through  its  development  and  initial  experimental 
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evaluation.  The  current  status  of  the  controller  is  given  in  two  recent  publications  [4,5], 
The  MIT-SNL  control  laws  are  a  form  of  period-generated  control.  The  latter  is  a 
technique  developed  at  MIT  for  the  purpose  of  adjusting  reactor  neutronic  power  in  a 
rapid  yet  safe  manner.  It  is  a  method  for  tracking  trajectories  that  are  defined  in  terms  of  a 
demanded  rate  and  has  been  shown  through  experiment  to  offer  superior  performance  as 
compared  to  other  forms  of  model-based  feedforward/feedback  control  [6].  There  are 
four  major  steps  in  its  implementation.  First,  an  error  signal  is  defined  by  comparison  of 
the  observed  process  output  with  that  which  was  specified.  Second,  a  demanded  inverse 
period  (a  velocity)  is  generated  in  terms  of  the  error  signal.  Third,  the  demanded  inverse 
period  is  processed  through  a  system  model  to  obtain  the  requisite  control  signal.  Fourth, 
the  control  signal  is  applied  to  the  actual  system.  Advantages  to  period-generated  control 
are  that  it  is  readily  implemented,  that  it  is  model-based  and  hence  can  be  applied  to  non¬ 
linear  systems,  and  that  the  resulting  control  laws  may  approach  time-optimal  behavior  for 
the  special  case  of  rate-constrained  processes.  The  calculational  sequence  to  apply  period- 
generated  control  is  as  follows; 

1 .  Determine  the  error  between  the  observed  and  specified  reactor  powers. 

2.  Calculate  the  period  needed  to  return  the  error  to  zero. 

3.  Obtain  the  rate  of  change  of  reactivity  needed  to  generate  the  period  calculated 
above.  This  is  done  by  processing  the  calculated  period  using  an  inverse  kinetics 
reactivity  model  of  the  reactor. 

4.  Apply  the  calculated  rate  of  reactivity  to  the  reactor  via  the  reactivity  control 
system. 
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Implementation  of  this  calculational  sequence  requires  that  both  the  net  reactivity 
and  the  rate  of  change  of  reactivity  associated  with  thermal  feedback  be  known. 
The  adaptive  reactivity  model  will  provide  a  signal  source  for  the  rate  of  reactivity 
change  due  to  thermal  feedback  as  well  as  providing  a  feedback  reactivity  signal 
to  a  reactivity  balance.  This  reactivity  balance  will  supply  one  of  three  reactivity 
signals  needed  for  reactivity  validation.  The  use  of  the  adaptive  reactivity  model 
for  use  in  the  MIT-SNL  Neutronic  Power  Controller  is  shown  in  Figure  1 .2.1-1 . 
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Figure  1.2. 1-1  Reactor  Neutronic  Power  Controller  Block  Diagram 
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[.2.2  Annular  Core  Research  Reactor 

The  equations  that  comprise  the  adaptive  reactivity  model  are  generic.  However, 
the  model  simulations  and  subsequent  software  development  that  was  done  to  evaluate  the 
model  are  applicable  to  the  Annular  Core  Research  Reactor  (ACRR)  that  is  operated  by 
Sandia  National  Laboratories.  This  was  done  to  support  continued  controller  evaluation 
and  testing  at  the  ACRR. 

The  ACRR  is  a  modified  TRIGA.  Its  core  contains  two  hundred  thirty-six  UO2  - 
BeO  fuel  elements  arranged  to  form  a  hexagonal  grid  around  a  23  cm  annulus.  The 
reactor  is  capable  of  operating  in  either  a  steady-state  or  a  pulse  mode.  The  maximum 
allowed  power  level  for  steady-state  operation  is  two  megawatts.  Limits  for  pulse  mode 
operations  are  1800°  C.  fuel  temperature  and  500  MJ  of  total  energy  per  pulse. 

The  ACRR  fuel  elements  are  of  a  unique  design.  The  fuel  pellets  are  formed  in 
two  concentric  rings  about  a  center  void.  These  fuel  pellet  rings  are  loaded  into 
corrugated  niobium  cups.  The  niobium  forms  a  refractory  inner  liner  to  retain  the  heat 
generated  by  the  fission  process  and  thereby  ensure  rapidly  rising  fuel  temperatures.  This 
is  a  safety  feature  because  the  fuel  possesses  a  large  negative  reactivity  coefficient  which 
maybe  used  to  shut  the  reactor  down  following  a  reactivity  pulse.  The  reactivity 
coefficient  of  the  fuel  is  further  described  in  Chapter  Three.  A  cut  away  view  of  the 
ACRR  Core  is  shown  in  Figure  1 .2.2-1 . 
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1.3  Organization  of  Report 

This  report  describes  the  theoretical  analysis  and  simulation  evaluation  for  the 
adaptive  reactivity  model  for  the  enhanced  operation  of  the  MIT-SNL  neutronic  power 
controller.  Chapter  Two  defines  the  methods  of  reactivity  measurement  used  for 
implementation  of  the  neutronic  power  controller.  It  also  develops  the  equations  used  to 
implement  the  reactivity  balance  model  for  predicting  feedback  reactivity  from  reactor 
temperature  variations.  Chapter  Three  derives  the  equations  needed  to  implement  the  heat 
deposition  model  of  the  reactor  core  that  was  used  to  generate  analytic  values  of  fuel 
temperature.  Chapter  Four  develops  the  estimation  routine  needed  to  obtain  the  reactivity 
model  adaptation  to  compensate  for  modeling  errors  and  the  time-varying  nature  of  the 
thermal-hydraulic  parameters.  Equation  derivations  cover  the  basic  principle  of  minimum 
variance  estimation,  Kalman  estimation,  and  the  extension  of  Kalman  estimation 
techniques  to  non-linear  systems.  Chapter  Five  describes  the  simulations  used  to  verify 
the  effectiveness  of  the  modeling  techniques  proposed  for  use  in  the  adaptive  reactivity 
model.  Chapter  Six  describes  the  parity  space  validation  used  to  estimate  the  reactivity 
from  three  independent  sources.  Chapter  Seven  addresses  the  FORTRAN  program 
implementation  of  the  adaptive  reactivity  model.  Chapter  Eight  covers  the  final  simulation 
of  the  FORTRAN  program  implementation  of  the  reactivity  balance  model.  Chapter  Nine 
discusses  sensor  optimization  for  the  minimum-time  control  laws.  A  system  analysis  is 
performed  to  determine  the  minimum  sensor  requirements  for  performing  automatic 
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system  &ult  detection.  Chapter  Ten  discusses  areas  of  future  research  that  would  further 
enhance  the  operation  of  the  adaptive  reactivity  model.  The  appendices  contain  sample 
input  and  output  files  used  for  reactivity  model  simulations. 
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2. 


As  described  in  Chapter  One,  determination  of  accurate  values  of  both  the  thermal 
feedback  reactivity  and  the  net  reactivity  is  required  to  implement  the  MIT-SNL  period¬ 
generated  minimum  time  control  laws.  In  addition  to  these  reactivity  inputs,  it  is  also 
necessary  to  establish  the  net  rate  of  change  of  feedback  reactivity.  This  permits 
calculation  of  the  proper  control  signals  for  implementing  reactor  power  transients.  This 
chapter  addresses  the  issues  and  methods  of  reactivity  measurement  used  for  reactor 
power  control. 

2.1  Definition  of  Reactivity 

The  "effective  neutron  multiplication  factor",  Keff,  is  used  to  characterize  the 
state  of  a  nuclear  reactor.  Keff  is  the  ratio  of  neutrons  produced  from  fission  to  those  that 
are  lost  through  leakage  or  absorption.  Thus,  for  a  critical  reactor  Keff  would  have  a 
value  of  unity.  Reactivity  can  be  defined  in  terms  of  Keff  This  definition  is; 


P 


Keff-1 

Keff 


(2.1-1) 


where  p  is  the  reactivity  [7].  The  reactivity  can  be  thought  of  as  the  fractional  deviation  of 
the  neutron  population  in  the  reactor  per  neutron  generation  or  lifetime.  It  should  be 
noted  that  both  Keff  and  p  are  global  properties  that  pertain  to  the  reactor  as  a  whole. 
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Reactivity  is  dimensionless,  and  is  therefore  usually  expressed  as  a  percentage. 
Reactivity  may  also  be  given  as  a  multiple  of  the  effective  delayed  neutron  fraction.  Beta. 
For  example,  a  reactor  with  an  effective  delayed  neutron  fraction  of  0.0073  and  a 
reactivity  of  0.0025  percent,  would  have  reactivity  of  0.342  Beta.  Another  system  of 
"units"  is  dollars  and  cents  with  one  dollar  of  reactivity  being  the  equivalent  of  1  Beta  of 
reactivity.  In  the  above  example,  the  reactivity  would  be  referred  to  as  34.2  cents  of 
reactivity. 

The  above  definition  includes  the  time-dependence  of  reactivity.  It  should  be 
noted  that  a  more  complete  definition  of  reactivity  would  address  both  spatial  and  energy 
dependence.  A  definition  of  reactivity  in  terms  of  position,  energy,  and  time  is  given  in  the 
following  equation  [8] ; 


p(t) 


j dvj dE  W( r, EMVA r, £,0V4>  ( r,E,t)  -  A<f  ( r, E, t)  +  Sx-' (£)/=■•'♦( r,  £, r)l 
_  j _ 

jdvjdEW(r,E)  Sx^(£)F4(r,£,0 

j 


(2.1-2) 
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In  this  equation  A  and  F  are  integral  operators  defined  through  their  operation  on 
any  function  /  (r,E,t)  with  j  denoting  a  particular  fissionable  isotope.  These  equations  for 
the  integral  operations  are  [9] ; 

A/sE.(r,E,t)/(r,E,t)-jE.(r,E*-  E,t) /■(r,E*,t)dE'  (2.1-3) 

0 

00 

t-EMr.E’.t)  /-(^E'.OdE’  (2.1-4) 

0 

The  remaining  symbols  are  defined  as: 

W(r,E)  is  the  weighing  factor  for  "Neutron  Importance", 

D(r,E,t)  is  the  difilision  coefficient, 

$  (r,E,t)  is  the  neutron  flux  density, 
x(E)  is  the  fission  spectrum, 

]Ct(r,E,t)  is  the  total  macroscopic  cross  section, 

£s(r,E'^E,t)  is  the  macroscopic  scattering  cross  section,  and 
Ef(r,Et)  is  the  macroscopic  fission  cross  section 

The  concept  of  reactivity  as  a  time-position  and  energy-dependent  quantity  is 
important  when  developing  methods  for  reactor  reactivity  estimation.  A  given  estimation 


22 


method  may  assume  reactor  properties  to  be  constant  in  energy  throughout  the  core. 
While  this  may  not  be  incorrect  for  a  given  set  of  reactor  conditions,  it  must  be  recognized 
as  a  limitation  of  the  method  employed. 

2.2  Assumptions  In  Reactivity  Estimation 

Presently  two  methods  of  reactivity  measurement  are  widely  employed.  These  are 
inverse  kinetics  and  reactivity  balances.  These  are  further  discussed  in  section  2.3.  The 
major  assumptions  associated  with  these  methods  lead  to  the  conclusion  that  reactivity  can 
be  calculated  only  as  a  function  of  time.  The  energy  dependence  in  the  inverse  kinetics 
method  is  eliminated  by  use  of  the  effective  delayed  neutron  fraction,  This  method 
allows  the  energy  dependence  of  the  delayed  neutrons  to  be  described  by  the  ratio  of  the 
"instantaneous"  weighted  rate  of  delayed  neutron  production  divided  by  the 
"instantaneous"  weighted  rate  of  ah  neutron  production  due  to  fission  [10].  The  spatial 
dependence  in  the  inverse  kinetics  method  is  eliminated  through  the  assumption  that  the 
neutron  flux,  $ ,  is  a  product  of  the  flux  shape,  S,  and  a  flux  amplitude  function,  T.  This 
relation  is  given  by  the  follo^ving  equation; 

S(r,E,t)T(t)  =  $(r,E,t)  (2.2-1) 

Thus,  if  the  flux  shape  is  assumed  not  to  change,  and  appropriate  weighting  functions  are 
chosen,  the  estimation  of  the  flux  will  be  given  by  the  amplitude  function  which  depends 
on  time  alone. 

The  reactivity  balance  method  also  ^ploys  energy  and  spatial  assumptions.  The 
standard  procedure  is  to  determine  reactivity  coefficients  through  a  specific  experiment 
and/or  theoretical  calculation  and  then  to  apply  these  coefficients  to  a  variety  of  reactor 
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conditions.  In  reality,  the  coefficients  are  only  accurate  for  the  given  reactor  flux  shape 
and  the  set  of  conditions  present  when  the  coefficient  calculation  or  measurement  was 
performed.  Comparisons  of  reactivities  determined  using  different  methods  and 
assumptions  must  be  carefully  analyzed.  Failure  to  ensure  the  validity  of  the  underlying 
assumptions  used  in  reactivity  measurement  could  lead  to  an  incorrect  estimation  of 
reactivity. 

2.3  Reactivity  Measurement  Methods 

The  reactivity  methods  considered  here  for  reactivity  estimation  and  validation  are: 


•  Inverse  Kinetics 

•  Reactivity  Balances 

•  Instrumented  Synthesis 

2.3.1  Inverse  Kinetics 

The  Inverse  Kinetics  method  of  reactivity  measurement  is  based  on  the  space 
independent  reactor  kinetics  or  "point  kinetics  equations"  [11].  These  equations  are: 


dT(t) 

dt 


p(t)  -/3 
A 


T(t)  + VX^C.a)  +Q(t) 


(2.3.1-1) 
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=^T(t)-XA(0  fori  =1,2 . 1  (23.1-2) 

dt  A 


where:  T  (t) 

is  the  neutron  integral  weighted  flux  amplitude  function. 

Q(t) 

is  the  neutron  weighted  integral  extraneous  source  term. 

P(t) 

is  the  net  reactivity. 

0 

is  the  effective  delayed  neutron  fraction. 

ft 

is  the  effective  fractional  yield  of  the  i  th  group  of  delayed  neutrons. 

A 

is  the  prompt  neutron  lifetime. 

^i 

is  the  decay  constant  of  the  i  th  precursor  group. 

Ci(t) 

is  the  concentration  of  the  i  th  precursor  group,  and 

I 

is  the  number  of  delayed  neutron  groups. 

If  these  two  equations  are  combined  and  if  the  extraneous  source  tenn  is  neglected 
the  following  equation  for  reactivity  is  obtained: 


P(t) 


A  dT(t) 
T(t)  dt 


dCi(t) 

dt 


(23.1-3) 


This  method  can  be  easily  implemented  through  the  direct  measurement  of  reactor 
power.  These  measurements  are  then  used  to  obtain  the  neutron  amplitude  function,  T  (t). 
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which  can  then  be  used  to  estimate  the  precursor  concentrations.  The  reactivity  can  then 
be  determined.  This  implementation  is  displayed  in  Figure  2.3. 1-1  [12]. 

2.3.2  Reactivity  Balance  Method 

The  reactivity  balance  method  is  easily  implemented.  Normally,  it  relies  on 
identification  of  those  reactor  parameters  that  can  have  an  effect  on  the  reactor's  effective 
neutron  multiplication  factor,  Keff  These  parameters  may  include  &el  and  moderator 
temperatures,  control  rod  position,  xenon  concentration,  and  others.  For  each  of  these 
parameters,  a  reactivity  coefficient  is  determined  via  experiment  or  theoretical  calculation. 
A  comparison  of  each  parameter  to  its  initial  reference  value  is  then  made.  This  reference 
state  is  usually  the  condition  that  exist  with  the  reactor  critical  at  some  steady-state  power 
level.  This  allows  a  value  of  zero  for  the  reactivity  reference  state. 
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Figure  2.3.1-1  Inverse  Kinetics  Reactivity  Measurement  Method 
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The  net  reactivity  in  the  reactor  for  a  deviation  from  the  reference  state  can  then  be  found 
by  using  the  following  relation  [13]: 


r(t) 


i 


(2.3.2-1) 


where;  p  (t)  is  the  net  reactivity. 


Pi  ( t)  is  the  reactivity  due  to  the  i  th  parameter. 


is  the  reactivity  coefficient  for  the  i  th  parameter,  and 


50  i  (t)  is  the  deviation  of  the  i  th  reactor  parameter  from  its 
reference  value. 

It  should  be  noted  that  for  reactor  transients  conducted  over  a  short  duration  it  is 
possible  to  neglect  the  effects  of  parameters  that  have  very  small  reactivity  addition  rates. 
This  would  permit  a  simplified  version  of  the  reactivity  balance  involving  the  sum  of  the 
reactor  thermal  feedback  reactivity  effects  and  the  reactivity  associated  with  control  rod 
movement. 
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This  simplified  reactivity  balance  can  be  implemented  using  the  following  relation; 


P(t) 


^^rods 

dz 


5z  + 


+ 


^^mod 

^^mod 


^^mod 


(2.32-2) 


where:  d  z 
^d{ 


is  the  control  rod  travel  from  the  reference  position, 

is  the  change  in  the  average  fiiel  temperature  from  the 
reference  state. 


d?mod 


is  the  change  in  the  average  moderator  temperature  from  the 
reference  state. 


dp  rods 
d  z 

dp  fuel 
dSf 

dp  mod 
^^mod 


is  the  differential  control  rod  worth  at  a  given  position. 


is  the  fuel  temperature  coefficient  of  reactivity  at  a  given 
temperature,  and 


is  the  moderator  coefficient  of  reactivity. 


This  simplified  reactivity  measurement  method  is  implemented  by  determining  the 
difrerential  rod  worth  for  the  controlling  rod  group  and  the  thermal  reactivity  coefficients. 
The  change  in  rod  position,  fuel  temperature,  and  moderator  temperature  can  be  obtained 
either  directly  from  reactor  plant  instrumentation  or  via  calculations  using  analytical 
reactor  models.  This  implementation  is  shown  in  Figure  2. 3. 2-1 . 
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Figure  2.3.2-1  Simplified  Reactivity  Balance  Method 


23.3  Instrumented  Synthesis  Method 

A  third  method  for  reactivity  measurement  is  presently  being  investigated.  This  is 
the  Instrumented  Synthesis  Method.  This  work  is  being  pursued  under  the  direction  of 
Professor  Allen  F.  Henry,  Professor  David  Lanning,  and  Dr.  John  A.  Bernard  at  MIT. 
The  technique  will  employ  continuous  data  from  distributed  in-core  detectors  to  evaluate 
local  core  power  distributions  thereby  allowing  the  global  reactivity  to  be  calculated  [14], 
The  basic  concept  of  the  method  is  to  estimate  the  instantaneous  local  noitron  flux 
through  the  use  of  a  linear  combination  of  pre-computed,  three-dimensional,  static 
expansion-functions  that  bracket  an  expected  reactor  transient.  The  time-dependent 
coefiBcients  of  these  functions  are  found  by  requiring  the  reconstructed  neutron  flux  to 
agree  with  the  locally  obtained  count  rates  from  the  in-core  neutron  detectors.  If  properly 
selected,  these  expansion-functions  will  account  for  variations  in  flux  shape  during 
transients.  This  leads  to  a  potentially  very  accurate  prediction  of  core  power  distribution 
and  calculated  global  reactivity  values  without  the  spatial  limitations  of  methods  such  as 
space-independent  kinetics.  A  detailed  explanation  of  this  method  is  given  by  R.  P. 
Jacqmin  in  the  1991  report  "Combined  Use  Of  In-Core  Neutron  Detectors  and 
Precomputed,  Three-Dimensional,  Nodal  Flux-Shapes  Neutron  Distribution  In  Light- 
Water  Reactors"  [15].  An  excerpt  from  this  paper  is  provided  in  Appendix  E. 


31 


2.4 


The  net  reactivity,  the  rate  of  change  of  reactivity,  and  the  precursor  distributions 
characterize  the  power  response  of  a  nuclear  reactor.  Values  of  these  parameters  are 
needed  to  implement  automated  reactor  control  methods.  The  three  methods  considered 
here  for  reactivity  measurement  are  Inverse  Kinetics,  Reactivity  Balances,  and 
Instrumented  Synthesis.  The  use  of  these  three  "independent"  methods  of  reactivity 
measurements  for  reactivity  signal  validation  is  discussed  in  Chapter  Six.  Considered  next 
are  the  thermal-hydraulic  relations  required  to  inq>lement  a  reactivity  balance  model. 
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3.  Thermal-Hvdraulic  Reactor  Model 

In  order  to  implement  a  reactivity  balance  model  of  a  nuclear  reactor  it  is  necessary 
to  develop  an  analytic  method  for  predicting  changes  in  the  temperatures  of  the  reactor 
fuel  and  moderator.  This  chapter  details  the  theoretical  development  of  an  energy 
deposition  model  of  a  nuclear  reactor  fuel  and  moderator. 

3.1  Energy  Deposition  Model 

The  basis  of  the  thermal-hydraulic  reactor  model  is  a  heat  deposition  model  of  the 
reactor  core.  These  heat  balance  equations  are  [  1 6]; 


Rate  of  Heat 

Rate  of  Energy 

Rate  of 

Energy  Change 

= 

Deposition  in  the 

— 

Heat  Energy  Loss 

in  the  Fuel 

Fuel  From  Fission 

To  Cooling  Media 

'Rate  of 

Heat  Energy 

'Rate  of  Heat 

Energy  Deposition 

'Rate  of  Heat 
Energy  Transfer 

'Rate  at 

which  Heat 
Energy  is 
Carried  From 

The  Core 

By  Moderator 

Change  for 
Moderator 

within  the  Core 

for  Moderator  within  the  Coni 

from  Fission 
(Gamma  Heating 

+ 

from  Fuel  to 

Moderator 
within  the  Core_ 

(3.1-2) 
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The  individual  blocks  of  these  equations  were  developed  by  Professors  Neil  E. 
Todreas  and  Mujid  S.  Kazimi  in  their  text  "Nuclear  Systems  I  -  Thermal  Hydraulic 
Fundamentals"  [17].  They  use  a  lumped  parameter  integral  approach  to  develop  a 
simplified  set  of  equations  for  the  fuel  and  moderator  rate  of  energy  change  in  terms  of 
material  temperatures.  These  equations  use  core-averaged  parameters  for  the  material 
thermodynamic  properties  as  well  as  core-averaged  material  temperatures.  The  use  of  an 
average  material  temperature  assumes  a  linearly-developed  temperature  profile  within  the 
material.  These  individual  block  relations  are. 


Rate  of  Heat 
Energy  Change 
in  the  Fuel 


^fuel'^fuel^p^^j 


fuel 
6  t 


(3.1-3) 


Rate  of  Heat 
Energy  Change 
in  the  Moderator 


=  P 


mod^mod 


C 

^mod 


^^mod 
6  t 


(3  1-4) 


Rate  of  Heat 
Energy  Deposition 
in  the  Fuel  From 
Fission 


Ef^Vfuel 


(3.1-5) 
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where: 


Rate  of  Heat  Energy 
Deposition  from  Fission 
in  the  Moderator  (7  heating) 


^fuel^f  ^^fuel 


(3.1-6) 


Rate  of  Heat  Transfer 
Loss  /  Gain  by 
Fuel  /  Moderator 


^fuel^^^ftiel  ^mod^ 


(3.1-7) 


Net  Rate  of  Energy  Loss 
by  Moderator  within  the 
Core  via  Moderator  Flow 


=  MC  (^‘% 
Pmod 


(3.1-8) 


mod 

fuel 

Pfuel 

Pfuel 


is  the  average  moderator  density, 

is  the  average  lumped  fuel  material  density, 

is  the  average  lumped  fuel  material  heat  capacity, 

is  the  average  moderator  heat  capacity, 

is  the  lumped  fuel  materials  surface  area, 

is  the  overall  heat  transfer  coefficient  for  the  fuel  material  to  the 
coolant, 

is  the  percent  of  thennal  energy  from  fission  deposited  in  the 
moderator  via  gamma  heating. 
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y 

fuel  is  the  average  lumped  fuel  recoverable  energy  per  fission, 

is  the  macroscopic  cross  section  for  fission, 

^  is  the  average  core  one  group  neutron  flux, 

• 

M  is  the  mass  flow  rate  of  the  coolant, 

V  fuel  is  the  average  fuel  temperature, 

V  mod  is  the  average  core  moderator  temperature, 

in 

^mod  is  the  moderator  inlet  temperature,  and 

6^^  is  the  moderator  outlet  temperature  which  is  defined  as; 

Jmod 

2 

A 

Equations  3.1-S  and  3.1-6  can  be  further  simplified  by  assuming  a  constant  flux 
shape,  S(r,E),  during  transient  operations.  This  implies  that  the  neutron  flux  ^  is 
proportional  to  the  observed  reactor  power  that  is  sensed  via  neutron  leakage  detection. 
Thus,  within  the  limits  of  space  independent  kinetics,  we  can  replace  with 

the  observed  reactor  power,  N(t).  In  the  case  of  a  pool  type  reactor,  it  would  be 
advantageous  to  eliminate  the  term.  The  moderator  outlet  temperature  may  be 

difficult  to  obtain  accurately  while  the  moderator  inlet  temperature  or  pool  temperature 
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may  be  readily  sensed.  Re-writing  equation  3.1-8  in  terms  of  =  ^pool  and 

9  mod  yields  the  following: 

Net  Rate  of  Heat  Loss 
by  Moderator  due  to 
Coolant  Flow 


=  2MC 


G.1-9) 


This  relation  assumes  a  fully  developed  coolant  flow  and  a  constant  axial  heat  flux.  The 
overall  heat  balance  equations  represented  by  3.1-1  and  3.1-2  can  now  be  written  as 
follows: 


^gfuel 
6  t 


—  (1  7)N(t)  -  A^^jh(0  ®mod^ 


(3.1-10) 


^mod 


mod 


^^mod 
d  t 


-  yNft)  +  ^mod^  ”  ^®mod  ^pooP 


(3,1-11) 


where: 


N(t) 

e 


pool 


is  the  observed  reactor  power,  and 
is  the  sensed  reactor  pool  temperature. 


Applying  these  equations  over  a  discrete  time  step,  dt,  allows  the  temperature  at 
a  future  time  (K+1)  to  be  calculated  from  the  present  time  (K)  values  of 

^  fuel ,  n ,  F  Mod »  and  6  p^j .  These  discrete  time  equations  are: 
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-  "Id  *  '  •[*'l<«SK>d  -  *fuel'  +  *2^”]  (3.1-12) 


=  "Id  +  »K(*  -  "mod)  -  ^'sl'ld  -  ^"pool] 

(3.1-13) 


AJi 

where;  '  _ - ,  (3. 1-14) 

^  /iiel  ^Aierp 


K  =  - — U - ,  (3.1-15) 

^Pr,V.,C 

"Ad  ftd  p^i 


Afh 


^  mod  'mod 


(3.1-16) 


7 


(3.1-17) 


^mod 


,  and 


p 


2M 

mod  'mod 


3.2  Model  Limitations 


(3.1-18) 


These  discrete  time  equations  form  a  linear  system  model  for  fuel  and  moderator 
temperature  prediction.  This  model  assumes  that  the  core-averaged  lumped  thermal 
parameters  are  constant  with  temperature.  This  is  not  an  accurate  assumption  for 
transients  that  cause  large  temperature  changes.  For  model  accuracy,  it  is  necessary  to 
ensure  that  the  thermal  parameters  are  properly  modeled  as  hinctions  of  either  moderator 
or  fuel  temperature. 


The  temperature  dependence  of  the  core  thermal  parameters  causes  the  thermal- 
hydraulic  model  of  the  reactor  to  become  non-linear.  This  non-linearity  complicates  the 
estimation  of  model  parameters  for  use  in  model  adaptation  or  self  alignment.  A  method 
for  achieving  model  adaptation  or  self  alignment  is  discussed  in  Chapter  Four. 
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The  energy  deposition  model  also  relies  on  the  previously  stated  assumptions  of: 

•  Constant  flux  shape 

•  Linearly  developed  temperature  profiles 

•  Fully-developed  constant  flow 

•  Constant  radial  heat  flux 

Prior  to  model  implementation,  for  a  given  reactor  design,  it  is  necessary  to  verify 
the  accuracy  of  the  models  integral  lumped  parameter  approach.  The  comparison  of  this 
energy  deposition  model  to  a  discrete  finite  element  system  model  is  performed  in 
Chapter  Five. 

3.3  Chapter  Summary 

In  this  chapter  a  generic  energy  deposition  model  of  a  reactor  core  has  been 
developed.  This  model  is  capable  of  tracking  fuel  and  moderator  temperatures  during 
reactor  operations.  The  model  uses  lumped,  integral,  core-averaged  thermal-hydraulic 
parameters  and  assumes  a  linear,  fully-developed,  temperature  distribution  throughout  the 
fuel  and  moderator.  While  generically  developed,  the  final  relationship,  equations  3.1  -12 
and  3.1-13,  are  specially  tailored  for  the  modeling  of  a  pool  type  reactor.  Model  inputs 
include  the  initial  moderator  temperature  initial  fuel  temperature 

reactor  power  (N),  and  reactor  pool  temperature  (^p^^y)  discrete  time  intervals.  The 
model  is  linear  for  constant  thermal-hydraulic  parameters  and  provides  a  suitable  basis  for 
use  with  model-adaptive  or  self-aligning  routines.  However,  the  temperature  dependence 
of  the  thermal-hydraulic  parameters  in  the  model  required  to  operate  over  an  extensive 
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temperature  range  introduces  a  non-linearity  which  greatly  effects  the  method  of  model 
adaptation.  The  following  chapter  examines  a  method  of  adaptive  self-alignment  for  a 
non-linear  system  model. 
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4  Reactivity  Model  Aduptivc  Routine  and  Parameter  Estimation 

In  Chapters  Two  and  Three,  models  were  derived  for  predicting  reactor  fuel  and 
moderator  temperatures  as  well  as  reactivity.  These  models  were  based  on  energy 
deposition  relations  that  use  integral,  lumped,  core-averaged  thermal-hydraulic  parameters 
coupled  with  a  reactivity  balance  model.  These  model  parameters  were  a  function  of  the 
material's  temperature.  Values  for  these  parameters  are  obtained  either  by  theoretical 
calculation  or  through  experimentation  on  the  reactor  being  modeled.  During  reactor 
operation,  the  actual  values  of  these  parameters  could  vary  slightly  from  those  origioally 
obtained.  Should  this  occur,  it  would  be  advantageous  to  allow  the  model  to  adapt  to 
these  parameter  changes.  This  chapter  details  a  method  for  model  adaptation  by  use  of 
minimum  variance  estimation  in  the  form  of  an  extended  Kalman  Filter. 

4.1  Minimum  Variance  Estimation 

We  can  develop  a  system  estimation  scheme  in  terms  of  system  parameters,  X,  and 
system  outputs,  Y.  Such  an  analysis  is  described  in  "Optimal  Filtering"  by  Brian  D. 
Anderson  and  John  Moore  [18].  A  possible  estimation  scheme  is  shown  in  Figure  4.1-1. 
As  an  example,  we  might  examine  a  solution  of  form  Y  =  AX  =  a|Xj  +  •  •  •  +  anXn 
where  A  is  an  m  x  n  matrix  and  X  is  the  state  vector.  We  can  define  any  error  inherent  in 
this  system  by  an  error  term  (e)  where  e  =  Y  -  AX  .  As  an  estimator  of  x  we  could 
choose  the  criteria  to  minimize  the  variance  of  the  square  error,  (i.e.  minx  £  ej^).  This 
type  of  estimation  is  known  as  a  "Least  Square  Error"  estimation. 
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Figure  4.1-1  Standard  System  Estimator 
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The  solution  [19]  to  this  minimization  is  easily  ^own  to  be : 


X  =  (a'^A)  ■^A'^y  (4.1-1) 

This  result  lends  itself  to  recursive  parameters  estimation.  One  such  type  of  method  is 
Kalman  Filtering  or  Kalman  Estimation. 

4.2  Kalman  Estimation 

The  Kalman  Estimation  technique  can  be  applied  on  a  discrete  system  such  as  the 
following; 


Xk+1  =FkXk  +  GkWk 


(4.2-1) 


^k 


(4.2-2) 


where: 

k 

is  the  discrete  time  step. 

X 

is  the  system  state. 

Z 

is  the  system  output. 

Vk,Wk 

are  the  wlute  noise  signals,  and 

FbGk.Hk 

are  the  system  descriptive  matrices. 
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The  recursive  equations  for  estimating  the  system  state  are  derived  as  follows  [20J. 


A 

Xk/k 


^kjk-  1 


»k>''  -»k*k/k.i 


(4.2-3) 


kjk-l  '  ^kjk-  {^k^^k^kjk-X^k 


(4.2-4) 


=  [' 


X  =  IFk  -  K^. 


h[]  Xvk-1  +  K^Zk 


=  F, 


^k/k  -  I  ^kjk  -  1  ^it(  ^k^kfk  -\^k"^  ^k^kfk  -  1 

-  j 


(4.2-5) 


f/  +  gq^gI 


(4.2-6) 


^k  Vktk  -X^k  ^k^kjk  -X^k^ 


-1 


(4.2-7) 


(4.2-8) 
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where: 


Ik 

Pk 

Ok 

Kk 

Rk 

k/k 

k+l/k 

k/k-1 


is  the  error  covariance  matrix, 

is  the  state  covariance  matrix, 

is  the  reciprocal  of  the  state  covariance  matrix, 

is  the  Kalman  gain  matrix, 

is  the  noise  covariance  matrix, 

is  the  solution  at  time  k  calculated  with  k  known  values, 

is  the  solution  at  time  k+1  calculated  with  k  known  values,  and 

is  the  solution  at  time  k  calculated  with  k-1  known  values. 


The  Kalman  estimator  can  be  initialized  by  selecting  E0/-I  ~  ^o~  (FoTFo)"^ 
Equations  4.2-3,  and  4.2-4  can  be  viewed  as  the  estimator  equations.  They  determine  the 
best  estimate  of  the  state,  x,  and  the  difference  or  error  covariance,  X  k  These  estimates 
are  based  on  current  system  parameters  and  the  previously  estimated  state  and  covariance 
values.  Equations  4.2-S  and  4.2-6  are  used  to  propagate  the  solution  forward.  This 
provides  a  means  of  continuously  updating  a  system's  state  by  means  of  the  Kalman 
estimator  routine.  It  should  be  noted  that  the  estimator  tends  to  become  "saturated"  after 
numerous  samples.  This  could  lead  to  a  change  in  the  system's  state  not  being  detected. 
This  difiScuhy  can  be  overcome  by  periodicaUy  rdnitializing  the  Kalman  estimator.  This 
type  of  estimation  arrangement  is  often  termed  a  state  observo-  because  the  model's  state 
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is  estimated  based  on  the  difference  between  the  model  output  and  the  actual  system 
output. 


For  linear  systems,  this  estimation  routine,  produces  an  "optimum"  estimation  or 
arrival  trajectory  to  the  desired  state.  The  calculations  are  greatly  complicated  if  the 
system  of  equations  under  consideration  is  not  linear.  To  estimate  the  state  of  a  non-linear 
system  model  it  is  necessary  to  extend  the  Kalman  estimator  routine  to  handle  the  non¬ 
linearity. 

4.3  The  Extended  Kalman  Estimator 

To  use  the  Kalman  estimator  for  linear  systems  on  a  non-linear  system  model  we 
must  first  linearize  the  system  equations.  The  system  equations  are  now  given  as; 

Xk-H=fk(Xk)  +  gk(Xk)wk  (4.3-1) 

Zk  =l'k(Xk)  +  vk  (4.3-2) 


These  system  equations  are  very  similar  to  those  of  the  linear  system  model  given  in 
equations  4.2-1  and  4.2-2  except  that  the  system  matrices  are  now  non-linear  functions  of 
the  systems  state.  To  linearize  these  equations,  a  first  order  Taylor  Series  Expansion  is 


For  this  method,  the  following  partial  derivatives  are  used; 


(4.3-3) 


5  hj^(x) 


(4.3-4) 


(4.3-5) 


Thus,  neglecting  higher  order  terms,  the  new  linearized  system  of  equations  becomes; 


’‘k+i  =Fk^k 


+  GkWk 


+  u, 


(4.3-6) 


=  «K 


+  V, 


(4.3-7) 
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with  U|c  and  yi^  as  error  signals  given  by: 


“k  “  *^k*k/k 


(4.3-8) 


^  ”k^k/k-l 


(4.3-9) 


Given  these  linearized  system  equations,  the  estimator  equations  for  the  Extended 
Kalman  estimator  can  be  written.  These  equations  are; 


kjk  “  -  1 


+ 


V^A/Ar  -  1^. 


(4.3-10) 


^k  +  l/k  “  4^^A/A:^ 


(4.3-11) 


h  ~  ^kfk  -  l^k^k 


-1 


(4.3-12) 


49 


(4.3-13) 


^kfk  '^kfk  -  1  ■  ^kfk  -  1  “k  ^kfk  -  1  ”k  ^”k  ^kfk  -  1  ”k  +  ^kjk  -  1 


(4.3-14) 


-Jt  +  1/A- 


=  F, 


•=k 


Qu  G, 


(4.3-15) 


The  above  extended  Kalman  estimator  uses  an  estimator  gain,  L|(,  calculated  in  a 
manner  similar  to  the  standard  Kalman  estimator  gain,  K|(.  The  estimator  functions  in  the 
same  manner  as  the  standard  Kalman  estimator  with  a  single  exception.  Specifically, 
because  of  the  system  non-linearity,  the  trajectory  to  the  desired  system  state  can  no 
longer  be  guaranteed  optimal.  Variations  of  this  extended  Kalman  estimator  using  the 
higher  order  terms  of  the  taylor  series  expansion  may  improve  the  estimator  trajectory  at 
the  cost  of  using  longer,  more  involved  e^imation  calculations. 
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4.4  Reactivity  Model  Adaptation  Equation  Devdopment 


The  method  of  state  estimation  using  an  extended  Kalman  estimator  can  be  applied 
to  the  reactivity  balance  model  developed  in  Chapters  Two  and  Three  to  achieve  model 
ad^tation  to  varying  system  parameters.  The  state  equation  for  the  reactivity  balance 
model  can  be  written  as  follows; 


x{k  +1) 


1)' 

a{k  +  1) 

^k 

b{k  +  1) 

»k 

_  c{k  +  1) 

‘k 

(4.4-1) 


reactivity  =  h|j  (Xj^)  +vit 

The  system's  state  variables  are  the  fuel  temperature  and  the  system  thermal- 
hydraulic  parameters  appearing  in  the  prediction  equation  for  the  fuel  tempeiuture.  Using 
the  technique  outlined  in  the  previous  section,  we  can  write  the  linearized  equations  as; 


x(/r  +1)  =  +  ej 


(4.4-2) 


reactivity  =  H 


+  e- 


(4.4-3) 


where  e]  and  e2  are  a  combination  of  system  noise  and  system  modeling  errors.  The 
equations  for  the  attended  Kalman  estimator  can  now  be  directly  ^plied.  The  individual 
entries  in  the  linearized  system  matrices  and  F]^  will  be  the  partial  derivatives  of  the 
system  model  equations  taken  with  respect  to  the  fuel  temperature  and  the  thermal- 
hydraulic  parameters  being  estimated.  In  the  case  of  F)^  this  is; 


4  = 


^  ^  ^  ^ 

6T^  6a  6b  6c 

0  10  0 


0  0  1 


0 


0  0  0  1 


(44-4) 


The  noise  covariance  term,  R]^,  in  equation  4.3-14  is  not  known  for  this 
application.  This  parameter  can  be  reserved  as  a  tuning  parameter  for  the  Extended 
Kalman  estimator.  A  variety  of  simulations  can  be  r\m  using  various  values  of  R)^  to 


determine  which  value  allows  the  adaptive  routine  to  best  estimate  the  system  parameters 
while  still  providing  robust  estimator  operation. 

4.5  Chanter  Summary 

A  method  for  achieving  model  adaptation  as  a  means  for  providing  model  error 
correction  by  means  of  Extended  Kalman  estimation  has  been  examined.  The  Extended 
Kalman  estimation  routine  provides  for  linearizing  a  system  model  by  means  of  a  Taylor 
Series  Expansion.  The  linearized  model  provides  a  system  of  equations  for  state 
identification.  The  system  state  consists  of  the  Reactivity  Balance  Model's  fuel 
temperature  as  well  as  specified  thermal-hydraulic  parameter  coefficients  that  may  vary 
during  reactor  operation.  The  Extended  Kalman  estimator  routine  provides  a  means  for 
estimating  the  best  values  of  the  system  parameters  needed  to  minimize  the  reactivity  error 
between  the  modeled  system  reactivity  and  a  provided  reactivity  signial  of  the  reactor 
system. 
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5.  Vcrifiaition  of  the  Adaptive  Reactor  Reactivity  Model 

An  adaptive  reactor  reactivity  balance  model  can  be  constructed  from  the  methods 
described  in  Chapters  Two,  Three,  and  Four.  This  chapter  examines  the  construction  of 
this  model  for  the  Annular  Core  Research  Reactor  at  Sandia  National  Laboratories  in  New 
Mexico.  Verification  of  the  methods  of  the  preceding  chapters  is  accomplished  through 
simulations  using  various  computer  mathematical  software. 

5.1  Parameter  Seicction 

To  employ  the  equations  developed  in  Chapters  Two,  Three,  and  Four,  a  variety  of 
reactor  thermal-hydraulic  and  neutronic  parameters  were  required.  Many  of  the  reafctor 
parameters  were  obtained  from  a  copy  of  Chapter  Four  (  Reactor  Design  )  of  the  Annular 
Core  Research  Reactor  (  ACRR )  Safety  Analysis  Report  (  SAR )  [22].  This  copy,  which 
is  currently  under  revision,  was  obtained  courtesy  of  Mr.  F.  Mitch  McCrory  of  the 
Reactor  Applications  Department  at  Sandia  National  Laboratories  in  Albuquerque,  New 
Mexico.  In  addition  to  the  SAR  reactor  design  data,  various  thermal-hydraulic  parameters 
of  reactor  materials  were  obtained  from  material  reference  handbooks,  such  as  "The 
Metals  Reference  Handbook"  [23],  "The  Handbook  of  Applied  Thermal  Design"  [24], 
"Thermophysical  Properties  of  Liquids  and  Gases"  [25],  and  "Nuclear  Systems  I"  [26]. 
Thermal-Hydraulic  parameters  that  vaiy  with  temperature  were  calculated  as  polynomial 
functions  instead  of  using  tabular  data.  This  was  done  to  facilitate  the  partial  derivatives 
necessary  for  implementing  model  adaptation  via  the  Extended  Kalman  estimation.  The 
fuel  cell  dimensions  and  core  geometry  needed  for  calculations  were  also  obtained  from 
Chapter  Four  of  the  ACRR's  SAR. 
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5.1.1  Overall  Heat  Transfer  Coeffficient 


The  overall  heat  transfer  coefficient  of  the  iliel  as  a  function  of  fuel  temperature  and  the 
coolant  mass  flow  rate  as  a  function  of  moderator  temperature  were  obtained  fi'om  the  reactor 
data  provided  in  Chapter  Four  of  the  ACRR's  SAR.  Table  4.3-7  of  the  SAR  provided 
equilibrium  power,  temperature,  and  flow  conditions  calculated  for  the  ACRR  [27],  These 
equilibrium  conditions  were  benchmarked  to  four  megawatts  via  reactor  testing.  The  data 
from  the  SAR  is  provided  here  in  Table  5. 1.1-1.  The  table  data  assumes  a  constant  inlet 
coolant  temperature  of  20°C.  The  overall  heat  transfer  coefficient,  h  (watts/m^),  was 
calculated  at  each  equilibrium  temperature  using  the  following  relation: 


236 

jexit  ^  20 
m 

0.59799 

^  f 

2 

(5.1. 1-1) 


where: 


P  is  the  reactor  power  (Watts), 

Tf  ave  is  the  average  fuel  temperature  ( °  C), 

Tm  is  the  moderator  exit  temperature  (°  C), 

236  is  the  number  fuel  cells  in  ACRR, 

20  is  the  moderator  inlet  temperature  (°  C),  and 
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0.0S9799  is  the  heat  transfer  sur&ce  area  of  a  single  fiid  cell  (m^). 


A  polynomial  relation  between  the  calculated  data  points  was  obtained  using 
Microsoft  Excel,  a  standard  PC  software  package.  This  polynomial  relationship  is  given 
by  the  following  equation: 


h  =  65.021  +  0.4438T^+  2.6\\Qr^T^  +  7.6xlO’*Tj? 


(5.1. 1-2) 


S.1.2  Reactivitv  Feedback  Coefficient 

Chapter  Four  of  the  ACRR's  SAR  gives  individual  fuel  and  moderator  reactivity 
feedback  contribution  equations  [28].  Additional  conversations  with  Mr.  F.  Mitch 
McCrory  at  Sandia  National  Laboratories  indicated  that  an  alternate  equation  had  been 
calculated  that  gave  a  combined  thermal  feedback  reactivity  coefficient  in  terms  of  average 
fuel  temperature. 
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POWER 

^/uel 

<wnax 

*iuel 

jsur&ce 

^clad 

jcxit 

^coolant 

M 

CC) 

(“O 

CC) 

(“C) 

(gal/s/rod) 

1  W 

20.1 

20.1 

20.1 

20.1 

0.26 

1  kW 

21.2 

28.6 

20.7 

20.6 

2.5 

10  kW 

26.7 

36.5 

23.1 

21.6 

5.4 

100  kW 

78.9 

110.7 

40.9 

26.8 

14.8 

500  kW 

244.4 

347.0 

82.2 

38.1 

28.8 

1  MW 

392.8 

560.3 

114.8 

47.3 

38.4 

2MW 

607.8 

874.8 

118.7 

61.8 

49.8 

3MW 

789.9 

1146.2 

118.7 

73.2 

59.1 

4MW 

955.0 

1400.0 . 

118.6 

83.0 

66.8 

5MW 

1089.4 

1611.9 

118.6 

90.7 

72.8 

6MW 

1233.9 

1844.1 

118.5 

98.6 

78.9 

7MW 

1371.1 

2069.6 

118  5 

105.9 

84.5 

8MW 

1501.2 

2284.2 

118.5 

112.8 

89.6 
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This  relationship  had  been  shown  by  ACRR  tests  to  provide  good  resuhs  for  reactivity 
feedback  calculations  [29],  This  equation  is; 


feedback 


-3.85 


730 


L273  +ef. 


\0-5 


0.0073 


(5.1.2-1) 


where  the  reactivity  coefficient  is  in  dollars  of  reactivity  per  degree  centigrade.  This 
relation  is  used  to  determine  the  thermal  feedback  reactivity  in  the  Reactivity  Balance 
Model. 

5.2  Thermal-HvdrauKc  Model  Verification 

The  heat  deposition  model  derived  in  Chapter  Three  used  core-averaged 
parameters  to  predict  the  average  fuel  and  moderator  temperatures.  It  was  necessary  to 
detennine  if  the  lumped-parameter  approach  using  average  temperatures  could  accurately 
model  the  core  for  both  rapid  and  slow  transients.  A  comparison  of  the  lumped-parameter 
model  response  to  that  of  a  nodal  heat  transfer  code  was  made.  The  lumped-parameter 
heat  deposition  model  as  developed  in  Chapter  Three  was  simulated  using  MATHCAD,  a 
PC  based  mathematical  code.  The  nodrd,  finite  element  modeling  was  performed  using 
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HEATING  5,  an  Oak  Ridge  National  Laboratory,  finite  donent,  heat  transfer  PC  code 
[31]. 

5.2.1  Thermal  Modd  Testing  using  MATHCAD 

A  sin^lified  version  of  the  heat  deposition  equation  was  used  to  determine  the 
average  fuel  temperature  at  individual  time  steps.  This  equation  was: 


^k+l 

9  f 


+ Arl 


^mod*^® (1  -  7)^  - 


pVC  (eK) 
Pf  r 


(5.2:i) 


where;  B  ^ 


is  the  average  fuel  temperature. 


6  is  the  average  moderator  temperature, 

hi$  is  the  overall  heat  transfer  coefficient  of  the  fuel  to  the 

moderator  as  a  function  of  fuel  temperature, 

A  is  the  fuel  heat  transfer  surface  area, 

P  is  the  reactor  power, 

p  is  the  average  lumped  fuel  density, 

V  is  the  average  lumped  fuel  volume. 
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Cp^  is  the  average  lun^)ed  hid  heat  capacity,  and 
At  is  the  duration  of  one  time  step. 

Two  types  of  transients  were  emulated.  The  first  was  a  ramp  power  change  from 
100  kW  to  two  megawatts  over  an  interval  of  ten  seconds.  Fuel  temperature  was  allowed 
to  rise  to  new  equilibrium  conditions  over  a  time  of  twelve  minutes.  The  moderator 
temperature  for  this  transirat  was  simulated  u»ng  steady-state  equilibrium  values  obtained 
firom  Table  5. 1 . 1-1 .  The  second  transient  was  a  rapid  power  spike.  Power  was  simulated 
to  rise  fi’om  one  watt  to  6400  MW  in  thirteen  milliseconds.  Power  was  then  simulated  to 
return  to  one  watt  over  thirteen  milliseconds.  This  produced  a  6400  MW  power  ^ike 
with  a  half  power  width  of  approximately  thirteen  milliseconds.  Moderator  temperature, 
during  this  rapid  power  transient,  was  simulated  constant  at  20°C.  Sample  MATHCAD 
input  files  as  well  as  fuel  temperature  plots  are  provided  in  Appendix  A. 

5.2.2  Model  Comparison  Using  Heating  5 

The  nodal  heat  transfer  code  used  for  temperature  response  comparison  was 
HEATING  S,  which  is  a  finite-element  code  developed  by  Oak  Ridge  National 
Laboratory.  The  PC  version  is  capable  of  simulating  400  separate  nodes.  It  can  simulate 
various  materials  and  allow  heat  transfer  by  convection,  conduction,  and  radiation.  The 
simulation  involved  constructing  an  input  file  to  model  an  average  core  fuel  cdl  [30].  Fuel 
cell  geometry  was  specified  using  the  material,  geometry,  and  dimensions  for  the  ACRR 
fuel  cells  as  described  in  the  ACRR's  SAR  Chapter  Four  [31].  The  oiergy  deporition  in 
the  fuel  cell  was  peaked  radially  as  described  in  the  ACRR  SAR  Chapter  Four  [32].  The 
first  transient  simulated  was  a  power  ramp  from  100  kW  to  two  megawatts  over  a  period 
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of  ten  seconds.  Temperatures  were  allowed  to  rise  to  their  new  equilibrium  values  as  in 
the  MATHCAD  simulation.  The  moderator  temperature  was  modeled  using  the  method 
described  for  the  MATHCAD  simulation.  The  second  transient  was  a  6400  MW  power 
spike  with  a  half  power  pulse  width  of  thirteen  milliseconds.  The  moderator  temperature 
was  simulated  as  constant  at  20°C.  Sample  HEATING  S  input  and  output  files  for  these 
transients  are  shown  in  Appendix  B. 

5.2.3  Discussion  of  Results 

The  output  files  from  the  HEATING  S  analysis  were  used  to  calculate  average  fuel 
temperatures  at  each  data  time  step.  This  average  temperature  response  of  the  fuel  is 
shown  in  Figures  5.2.3-1  and  5. 2.3-2.  These  results  show  very  similar  responses  for  the 
two  models  under  both  types  of  the  examined  transients.  The  maximum  deviation 
between  the  two  models  was  1.77%  during  the  rapid  transient  and  1.85%  during  the  slow 
transient 

The  temperature  profile  across  the  fuel  cell  during  the  rapid  transient  was  also 
examined.  The  Heating  5  fuel  temperature  profile  at  various  time  steps  is  shown  in  Figure 
5.2. 3-3.  This  profile  shows  that  a  linear  temperature  profile  exists  even  during  very  rapid 
transients.  Also,  the  high  degree  of  isolation  between  the  fuel  and  cladding  provide  the 
thermal  profile  necessary  to  allow  the  use  of  an  average  fuel  temperature  for  heat  transfer 
calculations. 
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Rgure  5.2.3-1  Fu^  Temperature  Reepociee  •  Slow 

Trenaient 
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Adaptive  Estimation  Technique  Assessment 

Section  5.2  established  the  proper  operation  of  the  heat  deposition  model  for 
temperature  prediction  in  the  ACRR  fuel.  The  operation  of  the  Kalman  Estimation 
Technique  presented  in  Chapter  Four  is  examined  in  this  section.  The  PC-based  software 
MATLAB  was  chosen  for  this  assessment  because  it  readily  handled  the  matrix 
mathematics  required  for  the  Kahnan  estimation  implementation.  The  simulation  involved 
a  power  transient  from  three  kW  to  four  MW  over  a  five  second  time  intCTval.  Power  was 
then  held  level  at  four  MW  for  the  duration  of  the  transient. 

5.3.1  MATLAB  Simulation  for  ACRR  Model 

The  heat  deposition  model  of  Chapter  Three  was  implemented  using  equations 
3.1-12,  and  3.1-13.  The  thermal-hydraulic  properties  were  developed  as  second  order 
polynomials  to  allow  for  obtaining  the  partial  derivatives  required  for  model  linearization. 
A  data  list  of  input  power  and  associated  feedback  reactivity  was  obtained  by  running  the 
heat  deposition  model  with  an  appropriate  power  signal.  Two  separate  input  reactivity 
files  were  generated.  The  first  was  the  calculated  reactivity  as  generated  by  the  analytic 
model.  The  second  file  contained  the  calculated  reactivity  values  with  a  two  percent 
random  noise  signal  added.  These  two  files  were  used  to  simulate  system  reactivity  inputs 
to  the  adaptive  Kalman  Estimator  routine  and  there-by  to  establish  the  effects  of  signal 
noise  on  estimator  performance.  Copies  of  these  MATLAB  input  files  are  provided  in 
Appendix  C. 
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The  Kalman  estimator  was  implemented  using  the  equations  developed  in  Cluq>ter 
Four.  Three  key  thermal-hydraulic  parameters  were  chosen  for  adaptation.  These 
parameters  were  the  first-order  coefficient  of  the  heat  capacity,  and  the  first  and  second 
order  terms  of  the  overall  heat  transfer  coefficient.  Selection  of  these  specific  terms 
provides  adjustable  coefficients  for  the  power,  fuel  temperature,  and  the  squared  fuel 
temperature  in  the  heat  deposition  model.  If  these  model  coefficients  are  set  to  zero,  there 
is  essentially  no  heat  transfer  in  or  out  of  the  fuel.  This  allows  the  Kalman  estimator  to 
derive  the  best  values  for  the  coefficients  that  "fit"  the  system's  reactivity  input  signal.  To 
reduce  the  effects  of  system  noise  on  the  estimated  thermal-hydraulic  parameters,  a 
weighted-average  smoothing-function  was  used.  This  output  smoothing  allows  the 
Kalman  estimator  to  use  higher  values  of  gain  needed  to  develop  system  thermal- 
hydraulic  parameters  rapidly.  This  smoothed  signal  could  be  used  to  assess  the 
"steadiness"  of  the  estimated  values.  The  estimation  routine  employs  the  following 
algorithm. 

1 .  Initialize  estimator  parameters. 

2.  Obtain  values  of  system  inputs:  Power,  reactivity,  and  pool  temperature. 

3.  Obtain  current  values  of  model  parameters: 

•  Reactivity 

•  Fuel  temperature 

•  Moderator  temperature 

•  Selected  thermal-hydraulic  coefficients  for  estimation. 
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4.  Calculate  the  Kalman  Estimator  Gain. 

5.  Estimate  the  "best"  values  of  model  reactivity,  fuel  temperature, 
thermal-hydraulic  parameters  to  fit  system  inputs. 

6.  Update  model  with  estimated  parameters. 

7.  Repeat  steps  two  through  six  until  the  smoothed  estimated  values  of  the 
model  thermal-hydraulic  parameters  no  longer  change  with  each  iteration. 

Sample  MATLAB  input  files  showing  this  implementation  are  provided  in 
Appendix  C. 

5.3.2  Discussion  of  MATLAB  Simulation  Results 

The  initial  simulation  run  involved  input  reactivity  values  with  no  noise.  The 
Kalman  estimator  attempted  to  derive  the  best  values  for  reactivity  and  thermal-hydraulic 
parameters  based  on  system  input  reactivity.  The  degree  of  estimator  success  was  judged 
by  how  closely  the  estimator  could  determine  the  original  ihermal-hydraulic  parameters 
used  to  develop  the  system  input  reactivity.  A  value  of  10*^5  was  chosen  for  the  noise 
covariance,  R,  for  the  initial  run.  The  sample  interval  was  set  at  50  milliseconds.  The 
MATLAB  output  charts  for  this  transient  are  provnded  in  Appendix  C.  The  estimator  was 
extremely  accurate  in  determining  the  system  thermal-hydraulic  parameters.  After  50 
samples,  the  estimator  had  determined  the  system  thermal-hydraulic  parameters  to  within 
0.01  percent. 


A  simulation  with  system  input  noise  set  at  two  percent  and  R  set  at  10“^^ 
produced  very  poor  results.  The  estimator  was  not  able  to  determine  the  system  thermal- 
hydraulic  parameters.  This  estimator  divergence  was  determined  to  be  the  result  of  an 
excessive  Kalman  gain  for  the  input  noise  level  simulated.  To  reduce  the  Kalman  gain,  the 
chosen  value  of  R  was  set  to  10"^. 

A  simulation  with  system  input  noise  set  at  two  percent  and  R  set  at  10~^ 
produced  a  successful  estimation  run.  It  was  noted  that,  with  the  reduced  gain,  the 
estimator  took  much  longer  to  determine  the  system  thermal-hydraulic  parameters  than  in 
the  no-noise  high-gain  run.  After  approximately  400  samples  (20  seconds)  the  estimator 
had  determined  the  system  thermal-hydraulic  parameters  to  within  6.18  percent  After 
approximately  1300  samples  (65  seconds)  the  estimator  had  determined  system  thermal- 
hydraulic  parameters  to  within  2.2  percent.  Estimator  accuracy  continued  at 
approximately  two  percent  through  the  duration  of  the  simulation.  The  data  generation 
scheme  was  re-run  using  the  estimation  values  obtained  during  the  simulation.  The 
generated  reactivity  using  these  estimated  values  fell  within  the  2%  envelope  of  the 
initially  calculated  reactivity  data.  The  MATLAB  output  charts  for  this  simulation  are 
provided  in  Appendix  C. 

These  simulations  show  that  the  estimator  routine  can  accurately  determine  the 
system  operating  characteristics  based  solely  upon  the  system  input  reactivity.  The  speed 
at  \\1iich  the  estimator  arrives  at  a  stable  solution  is  determined  by  both  the  amount  of 
system  input  noise  and  the  selected  value  of  the  noise  covariance.  The  noise  covariance, 
R,  should  be  choose  to  provide  the  "optimum"  solution.  Excesavely  small  values  of  R 
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lead  to  excessive  Kalman  estimator  gain  and  divergence  of  estimated  values.  Excessively 
large  values  of  R  lead  to  longer  solution  times. 

5.4  Chapter  Summary 

The  verification  of  the  adaptive  reactor  reactivity  model  was  accomplished  by 
means  of  simulations  using  a  variety  of  PC-based  heat  transfer  and  mathematical  software. 
A  comparison  of  the  heat  deposition  model  of  the  ACRR,  simulated  in  MATHCAD,  was 
made  against  a  thermal-hydraulic  simulation  of  an  average  ACRR  fuel  rod  using  Heating 
5.  The  simulations  showed  that  the  heat  deposition  model  of  the  ACRR  using  average 
temperatures  and  integral,  lumped,  average  core  thermal-hydraulic  parameters  could 
accurately  predict  core  fuel  temperature.  Simulation  of  the  adaptive  routine  using  a 
Kalman  estimator  were  performed  using  MATLAB  The  estimator  determined  system 
thermal-hydraulic  operating  characteristics  to  within  two  percent  of  their  actual  values 
when  run  using  a  system  reactivity  signal  with  two  percent  noise.  Estimator  speed  for 
solution  determination  was  found  to  be  dependent  on  the  input  system  noise  as  well  as  on 
the  selected  estimator  gain.  Model  operation  with  estimated  values  of  thermal-hydraulic 
parameters  accurately  approximated  system  operation  within  the  limits  of  simulated  noise. 
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The  successful  operation  of  a  complex  system  is  dependent  upon  the  validity  of  the 
sensor  signals  that  are  use  to  provide  information  for  control.  The  use  of  validated  control 
inputs  serves  to  enhance  controller  p^ormance.  Validation  can  be  accomplished  through 
signal  averaging  which  minimizes  the  effects  of  signal  noise  and  isolation  which  eliminates 
the  effects  of  faulty  sensors.  The  parity  space  approach  uses  redundant  sensors  to 
accomplish  feult  detection  and  isolation  and  thereby  provide  validated  signal  inputs  for  a 
control  system. 

6.1  The  Parity  Space  Approach 

The  fault  detection  process  can  be  divided  into  two  stages.  These  are  residual 
generation  and  decision  making.  The  redundant  measurements  of  a  process  variable  can 
be  modeled  by  a  measurement  equation  as  [33]; 


m  =  Hx  +  e 


(6.1-1) 


where  m  is  the  (f  x  1)  vector  of  measurements  that  are  generated  from  (  sensors,  H  is 
the  measurement  matrix  of  dimension  ((  x  n)  and  rank  n,  and  x  is  the  true  value  of  the 

n-dimensional  measured  variable.  The  vector  e  represents  measurement  errors  such  that, 
for  normal  functioning  of  each  measurement,  the  expected  value  of  £•  is  zero  and 


b-  where  b-  is  the  specified  error  bound  for  the  measurement  m|. 

M  * 


A  measurement  of  relative  consistency  between  redundant  measurements  is  given 
by  the  projection  of  the  measurement  vector  m  onto  the  left  null  space  of  the  measurement 
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matrix  H  such  that  the  variations  in  the  underlying  component  Hx  in  Equation  (6. 1-1)  are 
eliminated  and  only  the  remaining  effects  of  the  error  vector  £  can  be  observed.  An 
i(i  -  n)  X  £)  matrix  V  is  chosen  such  that  its  ((.  -  n)  rows  form  an  orthonormal  basis 

for  the  left  null  space  of  H,  for  example: 

VH  =  0  ^  -  n 

The  colunm  space  of  V  is  referred  to  as  the  "parity  space"  of  H  and  the  projection  of  m 
omo  the  parity  space  as  the  "parity  vector,"  which  is  represented  as: 

p  =Vm  =ve  (6.1-3) 

The  individual  parity  vector  equations  are  independent  of  the  true  values  of  x  and 
includes  the  effects  of  measurement  errors  as  well  as  any  possible  sensor  feilures  [34]. 
Thus,  from  Equation  (6.1-2),  it  follows  that: 

V'^V  =1^  -  H[H^Hr^H'^  (6.1-4) 

The  column  Vj,  V2,  ...,  v^  of  V,  that  are  projections  of  the  measurement  directions  (in 

f 

R  )  onto  the  parity  space  are  called  failure  directions  because  the  failure  of  the  ith 
measurement  mj  implies  the  growth  of  the  parity  vector  p  in  Equation  (6.1-3)  in  the 
direction  of  Vj.  For  nominally  unfailed  operations,  the  norm  ||p||  of  the  parity  vector 

remains  small.  If  a  failure  occurs,  p  may  (in  time)  grow  in  magnitude  along  the  failure 

* 

subspace,  which  is  the  subspace  spanned  by  the  specific  column  vectors  associated  with 
the  failed  measurements.  If  the  fault  is  time-vaiying,  then  the  failure  directions  (and  hence 
the  failure  subspace)  may  also  be  time-varying.  The  increase  in  the  magmtude  of  the  parity 
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vector  signifies  abnormality  in  one  or  more  of  the  simultaneous  redundant  measurements, 
and  its  direction  can  be  used  for  identification  of  abnormal  measurement(s).  The  parity 
vector  in  Equation  (6.1-3)  is  related  to  the  faimliar  residual  vector  n  by; 

n  =  V'^p  (6.1-5) 

T  IT 

where  n  =  m  -  Hx  and  x  =  (H  H]‘  H  m,  the  least-squares  estimate  of  x.  From 
Equation  (6.1-2)  it  follows  that  the  residual  vector  and  parity  vector  have  identical  norms, 
for  example: 

n^n  =  p^p  (6.1-6) 

For  the  application  reported  here,  only  scalar  measurements  were  used.  Hence,  the 
dimension  of  the  measured  variable  x  in  Equation  (6.1-1)  is  unity.  The  residual  vector  can 
therefore  be  written  as. 

n  =  vTp 

where:  (6  1-7) 

\  f  . 

ni  =  mi  -  -  Z  ~  1,2...,^ 

'  j  =  1 

The  residual  nj  is  thus  the  difference  between  the  ith  measurement  and  the  average  of  all 
the  redundant  measurements. 
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It  can  also  be  shown  [35]  that  the  individual  parity  equations  can  be  described  as 
functions  of  the  signal  residuals.  This  relation  is; 


(6.1-8) 


For  normal  operation,  with  no  failed  sensors,  the  parity  vector  tends  to  be  small 
and  the  individual  P'  are  also  small.  For  a  set  of  £  measurements  it  can  be  shown  [36] 
that  £  measurements  are  mutually  consistent  (fault  free)  if  the  following  inequality  is 
satisfied. 


<e^  = 


for  even  £ 


I  V 


for  odd  £ 


) 


(6  1-9) 

Thus,  if  a  fsulure  occurs,  the  set  of  £  measurements  would  exhibit  inconsistency  and  the 
parity  vector  would  grow  in  magnitude,  exceeding  the  limiting  condition  9^  defined  by  the 
error  bound  b. 
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6.2  VaUdatioii  Algorithm  Devdopmcnt 

The  parity  space  approach  of  section  6.1  can  be  used  to  develop  an  algorithm  for 
6iult  detection  and  isolation.  The  algorithm  «nploys  the  parity  vector,  p,  as  a  means  of 
identifying  a  set  of  inconsistent  or  failed  measurements.  The  measurement  with  the  largest 
residual,  within  a  &iled  set,  can  be  discarded  and  the  remaining  measurements  checked  for 
consistency.  This  process  leads  to  the  identification  of  the  largest  possible  set  of 
consistent  measurements.  These  measurements  can  be  to  provide  the  validated  avo^e 
signal  output.  The  calculational  sequence  for  validation  of  three  assumed  indepradent 
reactivity  measurements  with  common  error  bound,  b,  is  given  by  the  following; 

1.  Calculate  the  residuals,  nj,  and  the  respective  parity  vectors,  p^  for  the  three 
measured  reactivity  signals. 

2.  Compute  the  consistency  threshold  using  the  bound  b  and  i  equal  to  three. 

3.  Test  for  measurement  consistency.  If  all  the  p*  are  less  than  the  consistency 
threshold  level,  set  the  validated  signal  to  the  average  of  the  three  input  signals.  If 
one  or  more  of  the  p*  is  greater  than  the  consistency  threshold  level,  the 
measurement  with  the  largest  residual  nj  is  discarded  as  a  faulty  reading. 

4.  Recalculate  the  residuals,  n,,  and  the  respective  parity  vectors,  p*.  for  the  remaining 
two  reactivity  measurements. 

5.  Compute  the  new  consistency  threshold  again  using  b  but  with  (.  equal  to  two. 
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6.  Test  for  measurement  consistency.  If  the  two  pj's  are  less  than  the  consistency 
threshold  level,  set  the  validated  signal  to  the  average  of  the  remaining  two  signals. 
If  a  Pi  is  greater  than  the  consistency  level  then  all  three  signals  are  inconsistent 
and  the  validated  reactivity  signal  is  set  to  a  default  value  equal  to  the  inverse 
kinetics  reactivity  signal. 

A  limitation  of  this  method  is  that  of  a  "common  mode"  failure.  Common  mode  failure 
implies  that  two  of  the  measurements  fail  identically.  In  this  instance  the  validation  routine 
would  interpret  this  condition  as  a  failure  of  the  remaining  good  agnal  instead  of  the 
failure  of  two  faulty  signals. 

This  algorithm  was  successfully  demonstrated  on  the  MITR-II  research  reactor  in 
1983  [37].  The  algorithm  correctly  identified  and  isolated  faulty  sensor  readings  resulting 
from  faulty  sensor  calibration,  gradual  drift,  increased  sensor  noise,  and  total  sensor 
failure,  [note:  All  of  these  failures  were  induced  as  part  of  an  approved  experimental 
procedure] 

6.3  Chanter  Summary 

The  parity  method  for  fault  detection  and  isolation  can  be  easily  implemented  using 
the  derived  relationship  of  the  parity  vector  to  the  individual  signal  residuals.  An  error 
bound,  b,  specified  for  the  measurements  is  used  to  define  a  maximum  bound  for  parity 
comparison.  Faulty  signals  are  indicated  when  the  parity  vector  for  a  set  of  measurements 
exceeds  the  calculated  consistency  threshold.  The  signal  with  the  largest  individual 
measurement  residual  is  then  discarded.  The  validated  signal  set  can  then  be  averaged  to 
obtain  a  validated  signal  which  can  enhance  controller  performance. 
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7.  Control  Software  ImnicmentotioB 

The  concept  developed  in  the  preceding  chapters  was  written  as  FORTRAN  code 
so  as  to  provide  the  block  functions  shown  in  the  Reactor  Neutronic  Power  Controller 
Block  Diagram,  Figure  1.2.1-1.  It  was  desired  that  the  code  be  capable  of  running  input 
transient  data  files  available  fi’om  previous  tests  conducted  on  the  ACRR.  It  was  also 
intended  that  the  code  be  incorporated  as  a  aibroutine  of  the  MIT-SNL  Period-Generated, 
Minimum-Time  Control  Law  Code  [38],  The  software  was  written  in  FORTRAN  77. 

7.1  Subroutine  Description 

The  developed  FORTRAN  code  consisted  of  a  program  main  body,  six 
subroutines,  and  three  functions.  For  model  simulation,  the  main  body  is  capable  of 
reading  input  data  files  simulate  reactor  operation.  The  calculation  steps  included  in  the 
main  body  can  easily  be  that  incorporated  into  the  MIT-SNL  Control  Law  Code, 
subroutine  "CONPER"  [39],  to  achieve  the  power  controller  configuration  of  Figure 
1.2.1-1.  The  FORTRAN  Code,  as  well  as  a  sample  input  file,  are  provided  in  Appendix 
D.  The  purpose  of  each  of  the  FORTRAN  Code  Blocks  is  summarized  here. 

7.1.1  Program  Main  Body 


This  is  the  controlling  routine  for  the  program.  It  imtializes  the  system  model 
parameters  to  start  a  specific  power  transient.  The  logical  parameter  "ALIGN"  determines 
whether  or  not  a  predetermined  set  of  thermal  parameter  coefficients  is  used  in  the  thermal 
hydraulic  model  for  predicting  reactor  fuel  temperatures  throughout  the  tranaent.  If  set  to 
"TRUE",  thermal  coefficients  are  reestimated  at  each  time  step  by  the  Kalman  estimation 
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routine.  Otherwise  the  coefficients  are  not  updated.  After  parameter  initialization,  the 
following  sequence  is  followed; 


1.  Validate  the  three  assumed  independent  reactivity  signals  to  determine  the  best 
estimate  of  net  reactivity  as  given  by  variable  DKest.  Instrumented  Synthesis 
Method  reactivity  values  were  not  available.  Therefore,  an  average  of  the  current 
step's  and  previous  step's  Inverse  Kinetics  reactivity  was  used  as  a  third  input 
signal. 

2.  Print  the  desired  step  output  parameters.  These  could  consist  of  the  current  time, 
the  individual  reactivity  signals,  the  fuel  temperature,  and  the  individual  estimated 
thermal  parameter  coefficients. 

3.  If  variable  "ALIGN"  is  "TRUE",  a  best  estimate  of  the  thermal  model  parameter 
coefficients  is  made  and  the  model  is  updated  to  use  these  values.  If  variable 
"ALIGN"  is  "FALSE",  the  model  parameter  coefficients  remain  unchanged 
throughout  the  transient. 

4.  The  Thermal  Model  of  the  reactor  is  advanced  to  the  next  time-step.  This 
provides  future  values  of  the  thermal  feedback  reactivity  and  fuel  temperature  for 
controller  use. 

5  .  At  a  specified  time,  the  routine  reads  the  next  set  of  data.  This  data  consists  of  the 
current-time,  the  reactor  power,  the  Inverse  Kinetics  reactivity,  and  the  position  of 
the  reactor’s  transient  rod  bank. 

6.  The  net  reactivity  is  calculated  for  this  new  data  via  a  balance  equation. 
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7.  The  routine  continues  by  repeating  step's  one  through  ^  until  all  data  in  the  ii^nit 
file  has  been  processed. 

7.1.2  Subroutine  Advmodcl 

The  next  time  step  values  of  the  fuel  temperature  and  moderator  temperature  are 
calculated  using  the  thermal  model  equations.  The  system  matrix  values  of  F,  H,  and  E 
are  also  advanced  using  the  Kalman  Estimation  prediction  equations. 

7.U  Subroutine  Estmodel 

A  best  estimate  of  the  fuel  temperature  and  the  thermal  reactor  model's  parameter 
coefficients  is  made  via  Kalman  estimation.  This  routine  is  called  if  the  parameter 
"ALIGN"  is  "TRUE". 


7.1.4  Matrix  Math  Routines 

The  Kalman  estimation  routine  uses  matrix  equations  to  determine  parameter 
estimates.  FORTRAN  77  has  no  intrinsic  matrix  functions  to  accomplish  basic  matrix 
mathematics.  It  was  necessary  to  write  basic  routines  to  carry  out  the  operations  of 
matrix  addition,  transposition,  scalar  multiplication,  and  vector  multiplication.  These 
matrix  mathematics  routines  were  provided  by  Addmat,  Transmat,  Multscale,  and 
MatMult  respectively.  It  should  be  noted  that  FORTRAN  90  does  possess  these 
mathematical  operations  as  intrinsic  functions.  Should  the  control  scheme  be  updated  to 
use  FORTRAN  90,  these  four  subroutines  would  be  unnecessary. 
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7.1^  Functions  Reactr  fp)  and  Reactfb  fT.Tin) 

Function  reactr  (p)  returns  the  reactivity  associated  with  a  given  portion  of  the 
reactor's  transient  rod  bank.  This  function  is  called  by  the  main  body  of  the  program  to 
detemune  control  rod  reactivity  for  the  reactivity  balance.  Function  Reactfb  (T,Tin) 
determines  the  feedback  reactivity  associated  with  increases  in  the  reactor  fuel 
temperature.  The  reactivity  coefficient  is  as  described  by  Equation  5. 1 .2-1 . 

7.1.6  Function  Validate 

Function  Validate  returns  the  values  of  reactivity  resulting  fi'om  ihe 
implementation  of  the  validation  algorithm  on  the  three  input  reactivity  «gnals.  Value  b 
specifies  the  common  error  bound  for  reactivity  signal  validation. 

7.2  Chanter  Summary 

The  FORTRAN  implementation  of  the  Adaptive  Reactor  Reactivity  Model  was 
developed  in  FORTRAN  77  and  is  capable  of  running  input  files  consisting  of  current 
transient-time,  reactor  power.  Inverse  Kinetics  Reactivity,  and  transient  rod  bank  position. 
It  determines  the  resulting  reactor  fuel  temperature  and  net  reactivity  via  a  reactivity 
balance.  The  program  is  capable  of  estimating  model  thermal  parameter  coefiBciems 
which  are  assumed  to  be  constant  during  transients.  The  program  can  also  be  executed  to 
run  using  predetermined  model  parameters. 
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8.  FQRTRAMLSoftware  Evaluation 

The  FORTRAN  Code  developed  in  Chapter  Seven  and  provided  in  Appradix  D 
was  tested  using  input  data  obtained  from  previous  MIT-SNL  neutronic  power  controUo* 
tests.  These  simulations  were  used  to  assess  the  performance  of  the  FORTRAN  routines 
described  in  Chapter  Seven  and  to  show  thdr  capacity  to  support  enhanced  operation  of 
the  MIT-SNL  Neutronic  Power  Control  Method.  The  results  of  these  simulations  are 
summarized  here. 

8.1  Input  File  Selection 

The  input  data  for  FORTRAN  Code  evaluation  was  selected  from  the  output  data 
obtained  during  a  series  of  experimental  evaluations  that  were  conducted  on  the  MIT-SNL 
Period-Generated,  Minimum-Time  Control  Law  Code  in  July  1991 .  The  transient  sdected 
was  a  power  increase  from  three  kW  to  four  MW  on  a  0.69S  second  period.  Reactor 
power  was  then  held  constant  for  twenty-five  seconds.  The  data  available  for  the  transient 
was  provided  at  0.04S  second  intervals  over  the  duration  of  the  transient.  The  data 
included  reactor  power  (kW),  the  calculated  inverse  kinetics  reactivity  (millibeta),  and  the 
position  of  the  transient  rod  bank  (units).  A  copy  of  this  data  file  is  provided  in  Appendix 
D 

8.2  Parameter  Estimation  Simulation 

As  a  first  test  of  the  FORTRAN  Code,  the  transient  was  run  with  initial  model 
thermal  parameter  coefficients  of  ag,  l>o>  and  b]  set  to  zero;  the  logical  parameter, 
"ALIGN",  was  set  to  "TRUE";  and  the  bound  for  validation  was  set  to  two  percent. 
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Parameter  initialization  was  conducted  using  derived  values  obtained  as  detailed  in  Section 
5.1.  During  this  run,  the  time  required  for  the  calculation  was  also  checked  to  verify  that 
the  individual  step  calculations  could  be  carried  out  in  real-time  for  controller  operation. 
The  thirty  second  data  run  required  approximately  4.5  seconds  to  execute.  This  indicates 
a  single  step  series  calculation  time  of,  on  average,  6.75  milliseconds.  This  meets  the 
sample  time  criteria  for  controller  operation  [40].  The  output  data  was  collected  at  each 
time  step  and  included  reactivity  via  balance  calculation,  the  validated  reactivity,  the 
reactor  fuel  temperature,  and  the  values  of  the  estimated  thermal  parameter  coefficients 
(^>  l>o,  b]).  This  output  file  is  provided  in  Appendix  D.  A  comparative  plot  of  the 
various  reactivity  signals  is  shown  in  Figure  8.2-1.  This  plot  shows  oscillations  taking 
place  as  the  estimation  routine  attempted  to  determine  the  best  values  of  reactivity  and  the 
thermal  parameter  coefficient  (aQ,  bo,  bj)  .  The  oscillation  magnitude  decreased  as  the 
transient  progressed.  The  thermal  parameter  coefficient  values  are  shown  in  Figure  8.2-2. 
Again,  the  fluctuations  in  the  parameter  value  are  initially  large  but,  decrease  as  the 
transient  progresses.  It  is  noted  that  in  the  two  percent  input  noise  simulations  of  the 
Kalman  estimation  routine  performed  in  MATLAB  and  presented  in  Section  5.3.1, 
estimation  variations  required  approximately  forty  to  sixty  seconds  to  decay  away.  If  an 
additional  ten  to  thirty  seconds  of  data  had  been  available  a  more  precise  solution  might 
have  been  obtainable. 

A  close  examination  of  the  reactivity  outputs  revealed  the  proper  operation  of  the 
validation  routine.  When  all  three  values  were  within  the  required  bounds,  as  calculated 
using  b,  a  three  signal  estimate  was  provided  for  the  variable  DKest.  During  oscillations 
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of  the  balance  reactivity,  caused  by  parameter  estimation,  the  routine  isolated  the  balance 
reactivity  signal  and  provided  a  two  signal  estimate  for  the  variable  DKest. 


As  a  final  evaluation  of  the  routine's  ability  to  converge  to  a  correct  solution,  the 
FORTRAN  Code  was  run  a  second  time  with  the  thermal  parameter  coefficients  initialized 
to  the  final  values  obtained  during  the  first  estimation  run.  The  logical  parameter 
"ALIGN"  was  set  to  "FALSE"  so  the  simulated  transient  could  be  modeled  using  the 
previously  determined  thermal  parameters.  The  output  reactivity  values  from  this 
simulation  are  shown  in  Figure  8.2-3.  The  modeled  balanced  reactivity  differs  fi-om  the 
actual  inverse  kinetics  reactivity  by  approximately  ten  percent.  It  is  possible  that  if  a  more 
precise  set  of  thermal  parameter  coefficients  could  have  been  obtained  the  model's 
performance  would  have  provided  a  more  accurate  approximation  to  the  reactivity 
response.  A  longer  simulation  providing  more  accurate  coefficient  values  could  lead  to  a 
better  fit  of  modeled  reactor  conditions  to  the  actual  inverse  kinetics  values.  It  should  also 
be  noted,  however,  that  the  estimation  routine  relies  on  the  accuracy  of  the  fuel 
temperature  reactivity  coefficient  relationship  given  in  equation  5. 1.2-1.  Errors  in  this 
relation  could  also  cause  the  observed  differences  between  the  calculated  balance 
reactivity  and  the  actual  inverse  kinetics  reactivity.  It  should  also  be  noted  that  no  attempt 
is  made  to  verify  the  accuracy  of  the  control  rod  reactivity  obtained  by  the  Function 
Reactr  (p).  A  temperature  dependence  of  transient  bank  rod  worth  could  also  lead  to  a 
modeling  error.  These  possibilities  would  require  additional  investigation. 
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Reactivity  Balance  (DKBAL) 


Figure  8.2-2  Parameter  Estimation  Response 
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Figure  8.2-3  Net  Reactivity  -  Baiance  Model  with  Constant  Parameters 


AliAUOVati 
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The  FORTRAN  Code  implementation  of  the  thermal-hydraulic  reactor  reactivity 
balance  modd  was  run  using  input  data  from  previously  conducted  MTT-SNL  period¬ 
generated,  minimum-time  control  law  code  testing  on  the  ACRR.  These  emulations 
showed  the  ability  of  the  reactivity  balance  model  using  the  Kalman  estimation  of  model 
thermal  parameter  coefficients,  to  converge  to  an  actual  dynamic  reactivity  solution. 
Convwgence  after  thirty  seconds  of  estimation  was  to  within  approximately  10%  of  the 
assumed  actual  system  reactivity.  Additional  investigation  is  indicated  to  determine  if 
longer  simulation  nms  would  provide  more  accurate  model  solutions.  Investigation  of 
other  sources  of  modeling  error  which  are  currently  not  estimated  may  also  be  warranted. 
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9. 


Chapter  Six  described  the  parity  space  method  of  fault  detection  and  isolation  that 
is  used  to  provide  signal  validation  for  the  assumed  indq>endent  reactivity  signals.  It 
would  be  desirable  to  implement  the  closed  form  of  the  MIT-SNL  period-gena^ed, 
minimum-time  control  law  code  to  provide  on-line  fault  detection  and  isolation.  To 
achieve  this  requires  an  examination  of  both  the  inputs  available  to  the  control  system  as 
well  as  the  method  to  be  used  to  achieve  fault  diagnostics. 

9.1  Method  of  Fault  Detection 

Methods  other  than  the  parity  spruce  approach  can  be  used  to  provide  on-line  fault 
detection  for  improved  system  performance.  Some  of  these  methods  include  failure 
sensitive  filters,  statistical  innovations,  and  sequential  hypothesis  testing  [41].  Often  the 
method  selected  is  based  on  the  desired  response  of  the  detection  system  that  is  to  be 
employed.  In  general,  there  are  usually  two  conflicting  considerations.  These  are  the 
speed  at  which  a  system  responds  to  a  fault  and  the  degree  of  degradation  needed  to  allow 
a  fault  to  be  detected.  Systems  which  require  a  high  degree  of  reliability  such  as  aircraft 
or  nuclear  control  systems  demand  input  redundancy  to  ensure  rapid  fault  detection  with  a 
minimum  impact  of  false  alarms.  It  was  this  consideration  which  lead  to  the  use  of  the 
parity  space  approach  outlined  in  Ctuq)ter  Sbc.  To  implement  the  parity  space  approach,  a 
minimum  configuration  of  redundant  sensors  must  be  available. 
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9.2 


Minimiim  ScBSor  EmploviBcnt  for  Fauh  Detection 

The  MIT-SNL  Period-Generated,  Minimum-Time  Control  Law  Code  relies  on 
inputs  from  reactor  power,  net  reactivity,  the  rate  of  thermal  feedback  reactivity,  and  rod 
position  and  speed  to  provide  the  proper  rod  control  signal.  The  power  signals  from  the 
nuclear  instrumentation  are  instrumental  in  providing  input  for  reactivity  calculations  as 
well  as  in  determining  the  deviation  of  the  reactor  from  the  desired  power  level.  It  is 
necessary  that  a  continuous  uninterrupted  power  signal  be  available  across  the  range  of 
operation.  Most  nuclear  instruments  cover  a  range  of  approximately  four  decades  of 
power.  To  achieve  adequate  sensitivity  and  accuracy  to  power  level  changes  across  a 
wide  range  of  power  levels  (as  many  as  ten  decades  of  power)  a  combination  of 
instruments  is  used.  These  nuclear  instruments  are  usually  divided  into  source, 
intermediate,  and  power  ranges.  A  relationship  can  easily  be  derived  to  generate  a  single, 
continuos  neutronic  power  level  signal  from  these  three  detector  ranges  [42]. 
Furthermore,  the  ranges  are  designed  so  that  overlap  exists  from  one  range  to  another. 
Thus,  for  operation  in  the  intermediate  range,  power  signal  validation  could  be  conducted 
using  source  or  power  range  instruments  that  exhibit  overlap.  It  should  be  noted  that  for 
operation  high  in  the  power  range  or  low  in  the  source  range,  signal  validation  would 
require  an  additional  sensor  This  sensor  could  either  be  a  direct  neutronic  power  signal 
or  an  indirect  signal  derived  from  an  analytic  model.  As  an  example,  reactor  power  could 
be  predicted  using  the  known  reactivity  and  the  space  independent  kinetics  equations  [43]. 
Use  of  an  analytic  model  in  place  of  a  direct  signal  input  eliminates  the  need  to  provide 
additional  sensors  for  the  sole  purpose  of  signal  validation.  Thus,  for  nuclear 
instrumentation,  a  minimum  implementation  for  fault  detection  over  the  entire  range  of 
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operation  codd  consist  of  two  independent  channels  of  source,  intermediate,  and  power 
range  with  an  analytic  model  capable  of  predicting  the  neutronic  power  level  using  a 
validated  reactivity  input.  These  validate  power  signals  along  with  the  validated 
reactivity  inputs  would  offer  a  minimum  sensor  implementation  for  on-line  detection  for 
the  MIT-SNL  period-generated,  minimum-time  control  law. 

9.3  Chanter  Summary 

The  parity  space  approach  of  signal  validation  for  systems  with  redundant 
measurements  provides  a  rapid  means  of  sensor  fault  detection  and  isolation.  The  MIT- 
SNL  neutronic  power  controller  requires  both  validation  of  net  reactivity  and  reactor 
power  input  signals  to  provide  enhanced  system  performance.  This  implementation  would 
require  a  minimum  of  two  sets  of  power,  intermediate  and  source  range  nuclear  instrument 
channels  along  with  an  analytic  model  for  reactor  power  prediction. 
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10. 


Summary.  Conclusions,  and  Recommendations  for  Future  Research 
10.1  Summary 

This  report  summarized  the  development  and  demonstration  of  an  improved 
reactor  analytic  model  for  the  prediction  of  thermal  feedback  reactivity.  The  output  of  this 
model  was  used  in  a  reactivity  balance  to  produce  a  net  reactivity  signal.  This  signal  was 
employed  along  with  two  additional,  assumed  independent,  net  reactivity  estimation 
methods  in  a  parity-space  fault  detection  algorithm  to  give  a  validated  net  reactivity.  The 
end  use  of  this  validated  net  reactivity  signal  is  to  provide  enhanced  operation  of  the  MIT- 
SNL  period-generated,  minimum-time,  neutronic  power  controller.  The  analytic  heat 
deposition  model  for  prediction  of  thermal  feedback  reactivity  included  a  Kalman  state 
estimation  routine  to  provide  real-time  model  adaptation  to  compensate  for  modeling 
errors  or  parameter  drift.  The  concepts  used  in  the  adaptive  analytic  reactivity  balance 
model  were  verified  using  the  PC-based  math  software  MATLAB  and  MATHCAD,  as 
well  as,  a  finite  difference,  heat  transfer  code,  HEATING  5.  An  adaptive  analytic 
reactivity  model  of  the  ACRR  was  implemented  in  FORTRAN  77.  A  simulation  of  this 
model  implementation  was  conducted.  Simulation  input  was  provided  fi'om  previous  tests 
of  the  MIT-SNL  period-generated,  minimum-time,  neutronic  power  controller  on  the 
ACRR  conducted  in  July  1991 . 
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10.2  Conclusions 


The  lumped  average  core  parameter,  heat  deposition  model  of  the  ACRR,  modeled 
using  MATHCAD,  was  compared  to  a  nodal,  finite  difference,  heat  transfer  model  of  the 
ACRR,  modeled  using  HEATING  5.  The  lumped  parameter,  average  core  value  model 
predicted  average  core  fuel  temperatures  to  within  approximately  two  percem  of  the 
values  obtained  using  the  nodal  finite  difference  method.  This  verification  was  shown  for 
both  slow  and  rapid  power  transients. 

The  Kalman  estimation  routine  employed  to  provide  thermal  model  adaptation  was 
simulated  usmg  MATLAB.  The  simulation  verified  the  ability  of  the  Kalman  state 
estimation  routine  to  determine  analytic  model  thermal  parameters  for  the  purpose  of  on¬ 
line,  real-time  model  error  correction.  The  simulations  used  input  power  and  system 
thermal  feedback  reactivity  signals,  sampled  every  50  milliseconds,  and  corrupted  with 
two  percent  white  noise.  The  estimation  routine  determined  the  ^stem  thermal  parameter 
coefficients  in  approximately  sixty-five  seconds.  These  estimated  parameter  coefficients 
when  used  in  the  analytic  reactivity  model,  produced  thermal  feedback  reactivities  that 
were  within  the  two  percent  noise  band  of  the  input  feedback  reactivity. 

The  final  system  simulation  of  the  adaptive  analytic  reactivity  balance  model  and 
the  reactivity  validation  routine  confirmed  the  ability  of  the  validation  routine  to  reject 
faulty  reactivity  input  signals.  The  adaptive  analytic  reactivity  balance  modd  determined 
best  estimates  of  the  model's  thermal  parameter  coefficients  during  a  30  second  simulation. 
This  simulation  used  input  data  obtained  from  previous  MTT-SNL  period-generated, 
minimum-time,  neutronic  power  controller  tests.  The  length  of  time  required  by  the 
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routine  to  carry  out  the  calculations  necessary  for  a  single  time  step  was  on  average  6.75 
milliseconds.  This  met  the  sample  time  criteria  for  controller  operation.  The  estimated 
thermal  parameter  coefficients  were  in  turn  used  to  produce  a  reactivity  balance  model 
that  was  capable  of  predicting  system  reactivity  to  within  approximately  t«i  percent  of  the 
actual  system  values.  More  accurate  model  thermal  parameter  coefficients  could  be 
obtained  if  the  estimation  were  performed  for  approximately  sbcth-five  seconds  of  input 
data. 

10.3  Recommendations  for  Future  Research 

The  following  recommendations  involve  areas  associated  with  this  report  that 
warrant  further  research; 

1.  Additional  simulations  of  the  adaptive  estimation  routine  to  determine  an  optimum 
set  of  Kalman  estimation  parameters  that  produce  the  most  efficient  and  robust 
response.  Parameters  affecting  estimation  routine  response  include,  the  noise 
covariance  matrix  (R)  and  the  initial  value  of  the  error  covariance  matrix  (E). 
Limiting  the  allowed  magnitude  of  the  estimated  thermal  parameter  coefficients 
could  also  be  considered  to  enhance  routine  response. 

2.  Additional  simulations  of  the  adaptive  estimation  routine  using  real  ACRR  data 
over  longer  transient  intervals.  Simulations  should  address  determination  of  a 
minimum  time  required  for  the  estimation  routine  to  determine  the  model's  thermal 
parameter  coefficients  that  are  capable  of  predicting  future  reactivity  transients  to 
within  two  percent  of  the  inverse  kinetics  reactivity  values. 
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3.  Incorporation  of  the  Adaptive  Reactivity  Model  FORTRAN  Code  implementation 
into  the  MIT-SNL  Period-Generated,  Minimum-Time,  control  code.  The 
combined  code  could  be  demonstrated  on  the  ACRR  to  determine  the  benefits  of 
this  reactivity  estimation  and  validation  scheme  on  controller  performance. 
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Appendii  A 


Mathcad  Sample  Input/Output  File  -  10  sec  power  ramp _ 

Mathcad  Sample  Input/Output  File  -  26  millisecond  power  spike 

Mathcad  /  Heating  5  Comparison  Data _ 

Mathcad  Plot  of  Heating  5  Pin  Temperature  Profile _ 


»  =0.3  j  =0..2  k  =0..3 


t  ^0.-720 


run.  = 

I 


N.  = 


Tmod.  = 
1 


0.0 

100000 

23.4 

78.9 

128.59927 

10.0 

2000000 

23.8 

244.5 

165.7129 

480.0 

2000000 

40.9 

392.8 

198.72629 

720.0 

2000000 

40.9 

607.8 

251.39943 

^55.0 

315.98251 

Cp.  = 


10 

836 

50 

920.48 

100 

962.32 

200 

1046.0 

300 

143.63 

400 

1202.9 

500 

1263.56 

600 

1310.99 

700 

1350.83 

800 

1385.95 

900 

1417.91 

1000 

1447.66 

p  =3550.0  V  =0.09866089  A 

T  =0.00000063  =78.9 

tood(t)  =  linteip(  run,  Tmod.  t) 


h(f,W>  =Iinteip'Tfuel,H.tff 


pw(t)  =lifltcip(nm.N.t) 


Cpfd.^O  -linlcip  Tf,Cp,^f^ 


ftnod(t)  li(t.W)  A-(I  -  T)  pw(t)-  W;  Ah(i.«) 
pVCpf(t.®f) 


er 

\ 


- 14.01098 
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tff„=78.9 


W,,,  =606.1  =608.084 

(W^oo  =607.225 
6f^o  =  607.795 


=  104.095 

=202.732 

=315.416 

=455.019 
flf, go  =526.861 
(?f2^=  563.995 
6f^oo  =583.503 
6f3^=  594.077 

W^,jo  =600.126 

W^go  =603.883 
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k  =0.-3 


i  =0..3  j  =0.2 


t  =0..720 


tun.  = 


0.0 

13.0 

26.0 

720.0 


Tf  = 

j 


10 

50 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

Cp.= 


836 

920.48 

962.32 

1046.0 

1 143.63 

1202.9 

1263.56 

1310.99 

1350.83 

1385.95 

1417.91 

1447.66 

Tmod.  = 

I 


Tfiielj.  = 


20.0 

78.9 

128.59927 

20.0 

244.5 

165.7129 

20.0 

392.8 

198.72629 

20.0 

607.8 

251.39943 

955.0 

315.98251 

p  =3550.0  V  =0.09866089  A 

r  =0.00000063  =20.0 


tood(t)  =lmteTp(nui.Tmod,t) 


h(t.W)  =lmteip'Tfiiel.H.Wi 


pwT(t)  =  lintcrp(run.N.t) 


Cpf(l.^f)  -linlerp  Tf.Cp.^fj 


14-1 


ftnod(t)b(t.ef)  A-(l  -  T)  pwT(t)-  W,  Ah(t.W) 
p  V  Cpf(t.«-) 


0.001  -  ef 

t 


=  14.01098 
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i  =0. 

.6 

j  =0. 

.14 

tl.  = 

1 

THl.  = 

t 

TMl  = 
1 

0 

20.0 

20.0 

13 

139.94 

137.46 

26 

264.64 

260.45 

30 

264.55 

260.44 

100 

263.19 

260.34 

500 

260.52 

1000 

259.06 

259.01 

t2  =  TH2.  = 

j  j 


0 

10 

30 

60 

120 

180 

240 

300 

360 

420 

480 

540 

600 

660 

720 


84.85 

112.77 

209.65 

319.28 

456.45 

529.23 

567.42 

587.12 

597.19 

602.34 

604.98 

607.02 

607.38 

607.56 

TM2.  = 

J 


78.9 

104.10 

202.73 

315.42 

455.02 

526.86 

563.99 

583.50 

594.08 

603.88 

606.1 

607.23 

607.8 

608  08 
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HEATINGS  and  Heat  Balance  Equation  ten^eratures 
6400  MH  pulse  *  13  msec  width  «  half  peak  power 
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HEATINGS  and  Heat  Balance  Equation  tenperatures 
100  KW  to  2  MW  steady  state  -10  sec  power  ramp 
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i  =0. 14 


226.8 

116.96 

12894 


ssa 

sag 


:40.93 

:8i.% 

182.68 

182.85 


277.26 

64.04 

25.95 

25.59 


237  26 

23893 

277.87 

277.82 

276.33' 

273.46 

269.29 

92.32 

91.2 

38.06 

37.49 
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Appendix  B 


Page 


Heating  5  Sample  Input  File  -  6400  MW  pulse. _  1 1 1 

Heating  5  Sample  Input  File  - 10  second  power  ramp _  1 13 

Heating  5  Sample  Output  File  - 10  second  power  ramp _  1 1 5 

Heating  5  Sample  Output  File  -  6400  MW  pulse _  1 5  ] 
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ACRR  HEAT  DEPOSITION  TRANSIENT  #I  -  6400  MW  pulse  - 13  msec  width  ^  half 
100  2  8  4  111 

9  2  18 

8  1000 

3  1000  le-5  1.9  0.001  1.1  0.0  2.0 

1  1  0.0  0.00318  0.03.1415926 

1 

2  2  0.00318  0.01143  0.03.1415926 

1  1 

3  1  0.01143  0.01181  0.03.1415926 

1 

4  2  0.01181  0.01676  0.03.1415926 

1  1 

5  1  0.016760.0169669  0.03.1415926 

1 

6  30.01696690.0179631  0.03.1415926 

1 

7  10.0179631  0.01808  0.03.1415926 

1 

8  4  0.01808  0.01861  0.03.1415926 

1  1 

1  HEVOID  5  192e3  -6  -7 

2  FUEL  24.0  3550.0  -1 

3  NBCUP  8570.0  270  -5 

4  SS  7950.0  502  -2 

1  1.0  -3  -4 

1  20.0 

1  1  1.0  -8 

1.0  2 
1 

0.0  0.00318  0.01143  0.01181  0.016760.01696690.0179631  0.01808 
0.01861 

2  4  14  1111 

0.03.1415926 

1 

1  2 

2  1.0  30.2797728 

1  25 

10.0  836.80  50.0  920.480  100.0  962.320  200.0  1046.0 

300.01143.6266  400.0  1202.9  500.0  1263.568  600.01310.9866 
700.01350.8342  800.0  1385.95  900.01417.9111  1000.01447.6640 
1100.01472.0072  1200.01495.7800  1300.01519.1138  1400.01542  1028 
1500.01562.0266  1600.01584.6900  1700.01604.6870  1800.01624.7866 
1900.01644.9726  2000.01631.4000  2100.01681.5695  2200.01700.2254 
2310.01720.6926 

2  4 

20.0  17.3  100.0  17.3  200.0  17.3  300.0  19.0 

3  3 

0.010.106046  0.0136.4679el0  0.02610.106046 

4  11 

0.00318  0.81  0.004  0.82  0.006  0.84  0.008  0.86 
0.01  0.92  0.01143  0.98  0.01181  1.0  0.012  1.0 

0.014  1.1  0.016  1.24  0.017  1.28 

5  6 


111 


0.0  52.3  100.0  54.4  200.0  56.5  300.0  58.6 

400.0  60.7  1000.0  72.7 

6  18 

20.0  0.072  300.0  0.072  200.0  0.115  300.0  0.151 

400.0  0.184  500.0  0.218  600.0  0.250  700.0  0.278 

800.0  0.304  900.0  0.330  1000.0  0.354  1200.0  0.000405 
1400.0  0.000455  1600.0  0.000502  1800.0  0.000543  2000.0  0.579 
2500.0  0.657  3000.0  0.745 

7  3 

20.0  0.32828  1200.0  0.16334  2600.0  0.167532 

8  2 

0.0  20.0  10.0  20.0 

0.0  0.013  0.026  0.03  0.1  0.5  1.0  2.0 

1  1 

0.00001  0.001  0.00001 
0.1  1.1 

□ 


112 


ACRR  HEAT  DEPOSITION  TRANSIENT  #2  -  lOOKW  lo  2MW  in  10  sec. 
100  2  8  4  111 

9  2  18 

17  1000 

3  1000  le-5  1.9  0.1  1.1  0.0  720.0 

1  1  0.0  0.00318  0.03.1413926 

1 

2  2  0.00318  0.01143  0.03.1415926 

1  1 

3  1  0.01143  0.01181  0.03.1415926 

1 

4  2  0.01181  0.01676  0.03.1415926 

1  1 

5  1  0.016760.0169669  0.03.1415926 

1 

6  30.01696690.0179631  0.03.1415926 

1 

7  10.0179631  0.01816  0.03.1415926 

1 

8  4  0.01816  0.01867  0.03.1415926 

1  I 

1  HEVOID  5.192e3  -6  -7 

2  FUEL  24.0  3550.0  -1 

3  NBCUP  8570.0  270  -5 

4  SS  7950.0  502  -2 

11.01060e6  -3  -4 

1  23.4 

1  1  1.0  -8 

1.0  2 
1 

0.0  0.00318  0.01143  0.01181  0.016760.01696690.0179631  0.01816 
0.01867 

2  4  14  1111 

0.03.1415926 

1 

1  2 

2  1.0  30.2797728 

1  25 

10.0  836.80  50.0  920.480  100.0  %2.320  200.0  1046.0 

300.01143.6266  400.0  1202.9  500.0  1263.568  600.01310.9866 

700.01350.8342  800.0  1385.95  900.01417.91 11  1000.01447.6640 

1100.01472.0072  1200.01495.7800  1300.Q1519.H38  1400.01542.1028 
1500.01562.0266  1600.01584.6900  1700.01604.6870  1800.01624.7866 
1900.01644.9726  2000.01631.4000  2100.01681.5695  2200.01700.2254 
2310.01720.6926 

2  4 

20.0  17.3  100.0  17.3  200.0  17.3  300.0  19.0 

3  3 

0.00.7806946  10.0  20.0  60.0  20.0 

4  11 

0.00318  0.81  0.004  0.82  0.006  0.84  0.008  0.86 

0.01  0.92  0.01143  0.98  0.01181  1.0  0  012  1.0 

0.014  1.1  0.016  1.24  0.017  1.28 

5  6 


U3 


0.0  52.3  100.0  54.4  200.0  56.5  300.0  58.6 

400.0  60.7  1000.0  111 

6  18 

20.0  0.072  100.0  0.072  200.0  0.115  300.0  0.151 
400.0  0.184  500.0  0.218  600.0  0.250  700.0  0.278 

800.0  0.304  900.0  0.330  1000.0  0.354  1200.0  0.000405 

1400.00.000455  1600.00.000502  1800.0  0.000543  2000.0  0.579 
2500.0  0.657  3000.0  0.745 

7  3 

20.0  0.32828  1200.0  0.16334  2600.00.167532 

8  3 

0.0  23.4  480.0  40.9  720.0  40.9 

0.0  5.0  10.0  20.0  30.0  60.0  120.0  180.0 

240.0  300.0  360.0  420.0  480.0  540.0  600.0  660.0 

720.0 
1  1 

0.00001  0.001  0.00001 
0.1  1.1 

0 
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T 


HM  I 


CUHHT  TIM  ■  OATI  :  t/U/tm 

MATIW},  *  HULTI-OIMfUIOMl.  WAT  COHOUCTIOi  COOf  WITH  TCMHUTUK-KKNOCNT  TNtIMl  WOKtriff, 
Mi-IIIKM  AM  MTAa-TO-MTACt  MUMAIT  COMITIIM  AM  CMUiet-Or-AIUK  CAAUILITlEt. 

TNlt  VHtlON  W  TM  ODE  It  OEtCtllEO  IN  MNL/TN/CM-IS. 

TNE  TUmiENT  MlUTiaN  CAN  K  CA10W.ATE0  IT  AN  IMLICIT  TECNNIOUC  (CNAMC-NICOltON  M 
lACniAMt  EM.n)  TM  MMIEM  UITN  MTEIIALS  MUCH  ME  MT  AILOHED  TO  UNOEASO  A  TNAK  CHANCE. 

TM  OM-eiMMIGNAl.  N  MMNICAL  MNl  Ml  ADOCO  NOV.  71.  TNIt  MODEI.  WT  K  ACaiKO 
IT  WECIFTINC  NCEOM  ■  10  IN  TM  INTUT  DATA. 

NEATINCS  Ml  MITTEN  IT 

H.D.  TMMI 
O.C.  ELMO 
l.l.  IIRAN-TOV 
CWTUTEN  tCIENCIt  eiVItlON 
UNIM  CAIIIOE  CMTONATION,  NUCLEAA  OlVISION 
OAK  NIOCE,  TCNNESUE  37830 

TNIt  VEIIIM  Of  MATING  CAN  NAMLE  A  MAXIMUM  OF  400  lATTICE  POINTS. 

INTUT  MTUCN 

JM  OttCIITTiaN--  ACM  NEAT  OEPOtlTIOM  TAANSICNT  f2  •  100XW  to  2MW  in  10  ttc. 

CEOMTIT  TTK  MAtlEA  2  (ON  AT  ) 

NUMIEA  or  AECIONI  I 

MMIA  or  MATEAIALI  A 

NMEA  or  MAT  GENEMTIOM  TUNCTIONS  1 

NUMIEA  or  INITIAl  TEMAEAATUAE  FUNCTIONS  1 

NMEA  or  eiTTEAENT  SIMS  OF  lOUNOAAIES  1 

TNIt  AAOKEM  INVOIVIS  TCMAEUTUAE-OETENOENT  TAOTEATIES. 

NUMICA  or  KINTI  IN  GAOSS  N  ON  A  LATTICE  9 

MMEA  or  AOINTt  IN  GAOSS  T  ON  THETA  LATTICE  2 

NMKA  or  MINTS  IN  GAOSS  2  LATTICE  0 

MMEA  or  AMALTTIC  TUNCTIONS  1 

HUMKA  or  TAWLAA  TUNCTIONS  I 

MMMA  or  TAANSIENT  MINTOUTS  SAECIFIEO  17 

TEMAEAATUACS  OT  SELECTED  NODES  UILL  N  MDNITOAEO  EVEAT  1000  ITEAATIONS  ON  TIM  STEPS. 

PADILEH  TTPE  NUMIEA  3 

ITEADT  STATE  CONVEAGENCE  CAITEAION  1. 00000000-03 

MANIMAI  MMEA  OT  STEADT-STATE  ITEAATIONS  1000 

MMEA  OT  ITEAATIONS  KTUEEN  TEMPEUTUAE  OEPENOENT 

PAAAMTEA  EVALMTIONS  TOA  STEAOT  STATE  CALCULATIONS  0 

INITIAL  OVEAACLAMriON  TACTOI  (lETA)  TON  STEAOT  STATE  CALCULATIONS  1.90000000 

TIM  INCNEMNT  1.0DD0000D-01 

LEVT'I  EXPLICIT  MTNOO  WILL  IE  USED  WITH  A  TIM  STEP  1  TIMS 
lAACEl  TNAN  THAT  USED  IN  TM  ITAMAM  TAANSIENT  TECHNIQUE. 

INITItt  TIM  O.OOOOOODO-01 
TINAL  TIM  7.20000000*02 
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2 

tuMiar  w  UfiiON  om 


MMCit  urn  ^CH  mjmk 

•••••••••••••••••a  ptHtWttOi*!  ••••••• 

OOMOUT  NUMOflS 

•  •• 

ue. 

MTl 

t«ir 

Nur 

itn-t-m 

iiMr-it-oi 

LOtft-r-ot 

umt-r-ot 

ttui-z 

rkoor-x 

If-K 

tr-x 

10- r 

UO-T  M-2 

fT-2 

m. 

M. 

TIM7 

tn. 

INHli-t 

ourn-k 

lIFT-TNITA 

ricmt-tncu 

IM-t 

or-i 

U-0 

RT-0 

1 

1 

1 

0 

0.0000 

0.0032 

0.0000 

3.1410 

0.0000 

0.0000 

0 

0 

0 

0 

0 

2 

2 

1 

1 

0.0032 

0.01U 

0.0000 

3.1410 

0.0000 

0.0000 

0 

0 

0 

0 

0 

1 

1 

1 

0 

0.01U 

0.0110 

0.0000 

3.1410 

0.0000 

0.0000 

0 

0 

0 

0 

0 

4 

2 

1 

1 

0.0110 

0.0100 

0.0000 

3.1410 

0.0000 

0.0000 

0 

0 

0 

0 

0 

i 

1 

t 

0 

o.oia 

0.0170 

0.0000 

3.1410 

0.0000 

0.0000 

0 

0 

0 

0 

0 

t 

3 

0 

0.0170 

0.0100 

0.0000 

3.1410 

0.0000 

0.0000 

0 

0 

0 

0 

0 

7 

1 

1 

0 

0.0100 

0.0102 

0.0000 

3.1410 

0.0000 

0.0000 

0 

0 

0 

0 

0 

• 

4 

f 

0 

0.0102 

0.0107 

0.0000 

3.1410 

0.0000 

0.0000 

0 

1 

0 

0 

0 
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««*••«*•*  tuPM*y  or  MT»i«i  o«T* 


MCC 


5 


HATCRUL 

mterial 

THERMAL  PARAMETI 

[RS . 

EUMUE 

NAME 

-•  tempeeatuee-oeeeeoeet  ruNCTiOE  eummes  •• 

OOMOUCTIVITV 

OENStTT 

SRECIPIC  NEAT 

1 

EEVOtO 

O.OOOOOOO'OI 

0.0000000-01 

5.1020000*03 

•« 

-7 

0 

2 

ruEi 

2.4000000*01 

3.5500000*01 

0.0000000-01 

0 

0 

-1 

S 

EieuE 

O.OOOOOOD-01 

0.5700000*01 

2.7000000*02 

-5 

0 

0 

4 

tt 

0.0000000-01 

7.0500000*01 

5.0200000*02 

•2 

0 

0 

X  «MWEr  Of 

initial  temeenatuee  data  •«•»•••• 

NUMKR 

lElTIAl 

MEiriOM-OCPCNQCNT  fUNCTtON  WMERt 

TEMMERATUNR 

X  OR  R 

T  OR  TH 

2 

t 

2.JAOOOO*Ot 

0 

0 

0 

*•••••••*•*•*•••••  siMMA*T  Of  HIAT  OtNEMTION  rATI  DATA 

IKMH  POWM  TIME-,  TEMPEEATuiE-,  AND  POEiriOil-OErEIIOEIir  NUMIEES 

OEMSITr  rittE  TEMfEEArUEE  X  OE  E  T  OE  TN  Z 

1  «.0106Q0«a6  ■}  0  -4  0  0 


117 


Met  4 

Of  KMOAtT  mnwwrnnrn 


-SfttUl- 


••TEMKMTUIt-- 

mfMMrioii 


■HU  TUWfU  COCfftClliTl. 
lEUTEO  fUNCTIW  MJNIEIt 


NO. 


TTff  fCT 

fue 


TEHfEMTUtE 
I  TINE  rcr 


fotcto  eONV.  UOIATIOM  MtUtAl  con  evomit 

«stoc. 

fCTt 


t  1  2  1. 000000*00 

-8 


TIME 

TEMM 


1.000000*00 

0 

1 


0.000000-01 

0 

0 


0.000000-01 

0 

0 


0.000000-01 

0 

0 


orast  urricEt  ««o  wmees  or  imcoenents 


•  00  I 

0.000000  0.003180  0.011430  0.011810  O.OU^M  0.018867  0.017863  0  011160 

0.018670 

*  *  1  4  1  1  1  t 

TNETil  08  r 

0.000000  3.141993 

1 


llsrmc  Of  6ML7TIC  fUNCTIONS 


f<V).  6(1)  ♦  6<E)*V  *  6(3)*V*2  *  6(4)*CC»(6(9)*V)  ♦  6(6)*E>P(A(7)*V)  *  6(8)*tlM(6(9)*V>  *  6(10>n0C(6(11>*V) 


80. 


1 


6(1) 

0.0000-01 


6(2)  6(3) 

1.0000*00  2.7980-01 


*<*>  6(5)  6(6)  6(7) 

0.0000-01  O.OC(X)-01  0.0000-01  0.0000-01 


6(8)  6(9)  6(10) 

0.0000-01  0.0000-01  0.0000- 


ruai 


O.OOOOOD-OI 
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rEHPc»«ru«cs  on  num«co  iauN0«»iEt 


MUNOMT  MMH 
1 


TEMNEtATUNE 

M.SI4MS 


THE  CUtlENT  TIME  STEM  (OEITET)  •  «.97II9t«<D-0S 
The  NUIMM  TEMMHETUU  it  -  O.MSM'OI  (*-0.T> 

NM.  TEMM.  VHMt  AT  NODES  •  1  I  T6 

TNE  HININM  TEMMEUTUNE  IS  •  I.ITSSU'OI  (*-O.T) 

MIN.  TEND.  AMMEAAS  AT  NODES  •  IS  SO 


IT 


NMOEE  OE 

TIME 

TIME  STEMS 

A1000 

3.0008X02 

1  0.91A9S0*02 

AIOOO 

S.729SD«02 

1  0.923920*02 

4S000 

S.799S*02 

1  0.932300*02 

44000 

S.00ai0*02 

1  0.9AOSOD*02 

ASOOO 

S.9S79D*02 

1  0.907970*02 

40000 

A.00710^ 

1  0.9SAS10*02 

A7000 

0.07010*02 

1  0.901130*02 

A.1ASS0*0I 

1  0.900900*02 

TUIE  EON  SEECIAl  NONITONINO  OE  TEMMEtATUNES 

!••••««  node  nimens  and  tenkeatunes  ■•••<<<««•««»««» 
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tit 


»Aef  H 


atmn  TIM  •  t1:t1:)4.«7 

NUTMfiS  ACM  NUT  OINOHriON  TIANttlNT  ft  •  tOOU  to  2MU  in  10  MC.  TIN  K 

TUNtiiNt  riMNuruii  oitTitiuTioN  ATtnaTK  tim  trm,  tinc  ■  «.i9mo*02 
OMOt  Mie  It  s  «  so 

II  II  II 

FIM  MIO  tlI*$0700  10  11  1I1S 

DItTMCt  0.00  0.00  0.00  0.01  0.01  0.01  0.01  0.01  0.01  0.01  0.02  0.01  O.OS 

I . I . I . I . I . I" 

1  1  0.00  0.00  <07.13  <07.13  <03.00  <02.<1  <07.S3  <00.00  SU.IO  330.17  333.30  SH.OI  310.01  330.00 

0  I  3.10  O.0O—<O7.13---<O7.13—<OS.OO-.-<O2.<1— <07.33 — <SO.<0-.-3U.10--330.17---33S.SO—32<.<1*"310.02— 332.00 


soon  MIO  7  0  0 

I  I  I 

Flit  MIO  10  IS  1< 

OISrONCI  0.02  0.02  0.02 

. I . I 

1  1  0.00  SOO.SO  122.30  110.10 

2  2  3.10  . -SOO.SO". 122.3<"*11<.10 

TINKNATUIK  ON  NUMCKO  OOUNOMIIt 

OOUNOMT  HUMOU  rCMMUTUKC 
1  3S.712US 

TW  CUHINT  TIM  tTCF  (DUTOt)  •  <.000170020-03 

TNI  WXIIUI  TIMMUTMI  It  -  0.971300*02  (*-0.1) 

MU.  TIMF.  UFUIt  «T  NOOII  •  1  2  10  17 

TN(  NININW  TINHUTUH  It  -  1.100970*02  (*-0.1) 

Nil.  TWO.  OOOfUt  AT  NOMt  -  IS  30 


NMH  OF 

TIM 

TM  mot 

40000 

4.21430*02 

1  0.072390*02 

30000 

4.20330*02 

1  0.077390*02 

31000 

4.33220*02 

1  0.902020*02 

32000 

4.42iaom2 

1  0.900310*02 

$3000 

4.40N0*02 

1  0.090270*02 

$4000 

4.SS<<e*02 

1  0.003040*02 

33000 

4.02730*02 

1  0.007340*02 

$1000 

4.<0<00*02 

1  7.000400*02 

37000 

4.74470*02 

1  7.003390*02 

TAtll  FON  tOtCIAl  NOHirONINO  OF  TtNOftATUtU 
■nnm  NOOf  NUMttAt  ANO  TWOEMTUUI  •••■»•■ 
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Mfif  27 


OUMCKT  TIM  «  2T:S«:29.20 
MATINS 


ACM  MAT  MMtlTIM  TIAAtlWT  *2  -  lOOKW  to  2MI  In  10  ttc. 


im  AC 


OMKS  MIO 

1 

2 

1 

1 

AIM  oiie 

1 

2 

I 

OISTAMCi 

0.00 

0.00 

0.00 

I— 

1  1  0.00 

0.00 

7D0.U 

700.A0 

2  2  I.1A 

0.00- 

-TDO.U- 

-Too.a- 

MOSS  MIO 

7 

0 

9 

1 

1 

1 

AIM  MID 

u 

IS 

16 

OISTAMCI 

0.02 

0.02 

0.02 

1  1  0.00 

sso.ao 

122.71 

118.41 

2  2  3.1A  • 

-sso.ao- 

-122.71-. 

*118.41 

A 

0.01 


s 

0.01 


« 

0.01 


s 

I 

T 

0.01 


A 

I 

• 

0.01 


* 

0.01 


10 

0.01 


11 

0.02 


s 

I 

12 

0.02 

-I... 


• 

I 

IS 

0.01 

..l.. 


•SSI. 


TIMMAATlMCt  ON  NUMOttfO  lOUNOMIK 


OOUNOAAT  WAIUA 

1 


tchmaatuac 

AO. 900000 


TNI  CUIAtHT  TIM  STCA  (OflTAT)  ■  A.aA2SA7MO.OS 
TM  WXIIUI  TCMMAATUAI  is  •  7.0OA0t0«02  (»-0.1) 

MAX.  TIM.  AAMAAS  AT  NODES  •  1  2  16 

TM  MINIMUM  TIMMAATUAI  IS  •  1.10A090«02  (•■0.1) 

MIN.  TIM.  AAMAAS  AT  NOOIS  •  IS  50 


MMMA  or 

TIM 

TIM  STIAS 

SIOOO 

A.OSSSO.02 

1  7.006090.02 

S9000 

A.901ie.02 

1  7.00IS9D.02 

80000 

A.970S0.02 

1  7.010900.02 

61000 

s.0S9ae.02 

1  7.01I0A0.02 

62000 

S.107S0.02 

1  7.01SOI0.02 

6SOOO 

S.17600NI 

1  7.016010.02 

84000 

s.ausoMt 

1  7.01SS60.02 

osooo 

S.S1S0O.O2 

1  7.0201A0.02 

88000 

S.SOIAe.02 

1  7.021600^)2 

17 


TASlE  FOA  SAtCIAl  MONITOAINC  OF  TIMEAATUAES 

<•••»•  NOOI  MMIAS  ANO  TEMEAATUAIS  •••••••• 
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pAtt  za 


OmnT  TINi  ■  Z1:S7:3a.U 

MATiaeS  ACM  WAT  OCAOtlTlOa  TAAMlIar  fZ  •  loan  t«  M  in  10  AM.  IW  K 

TUMinT  TIMHUTUU  OltTIIWTION  ArTtAAAZTI  TIW  tTlAt,  TIW  •  i.lOWIU.OI 


CAOOS  GAIO 

AlW  Mie 
OinAAM 

1 

1 

1 

0.00 

2 

0.00 

2 

1 

3 

0.00 

4 

0.01 

5 

0.01 

6 

0.01 

1 

I 

7 

0.01 

4 

1 

• 

0.01 

9 

0.01 

10 

0.01 

11 

0.02 

5 

12 

0.02 

6 

1 

11 

0.M 

1  1 

0.00 

0.00 

702.20 

702.20 

700.93 

697.60 

692.U 

605.60 

567.56 

562.60 

516.57 

529.70 

Ul.fO 

356.15 

2  2 

s.u 

0.00- 

-702.20-- 

-702.20- 

”700.91- 

-•697.60” 

•692.U- 

”603.60” 

•M7.56” 

-562.a- 

-•516.57- 

"529.76- 

--521.99-- 

-156.15 

CAMS  SAID  r  a  9 

1  I  I 

TIM  SAID  U  tS  16 


OlSTAHCf 

0.02 

0.02 

0.02 

0.00 

351  .U 

122.06 

110.55 

1.16  ' 

•351.50- 

••122.a6-- 

•110.55 

riMAEAAruAtt  m  numicaco  aomsaaics 

aaUMOMT  MMUA  TEMACAATUAt 

1  60.900000 

rw  euAACAT  TINE  STEA  iOElTAT)  •  A.aulOZZID-M 
TW  NAXINAi  TEMAEUTUAC  tS  •  7.0Zi970*0Z  (*-0.1) 

MAX.  TEMA.  AAAEAAt  AT  AODES  •  1  2  16  17 

TW  NIXIWM  TEMAEAATUAE  IS  -  1.iaSS]0«OZ  (*-0.1) 

MIA.  TEMA.  AAAEAAS  AT  MODES  •  15  30 


MUMAEA  Of  TIW  •••••••••••■■•• 

TIW  STEAS 

67000  S.U9CD*0Z  1  7.0ZZ950«OZ 

moo  9.51030*02  1  7.026200*02 

69000  5.50670*02  1  7.025360*02 

70000  5.65510*02  1  7.026630*02 

71000  5.72350*02  1  7.027620*02 

72000  5.79190*02  1  7.020360*02 

71000  5.a6030W2  1  7.029200*02 

76000  9.92060*02  1  7.029990*02 

75000  5.99700H>2  1  7.030720*02 
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fUt  » 


euMfiiT  TIM  •  i2siSiU.rr 

MATIKS  *CU  NUT  MMIITIM  TUMIUT  M  •  TOOKU  t*  2MU  In  10  ««e.  IIN  K 

TUMiiMT  TiMfunm  oitritiuTiaa  Armnou  tim  stim,  tim  •  s.99W«d*oi 
toon  mid  It  s  A  s 

II  II  I 

riM  MID  1  1  S  4  1  «  r  •  t  10  It  It 

OISTAMf  0.00  0.00  0.00  0.01  0.01  0.01  0.01  0.01  0.01  0.01  O.Ot  O.OI 

I . I . I . I . «— 

1  1  0.00  0.00  ns.or  roi.or  rai.ti  «w.4r  on.t*  too.s  M.u  S4i.os  sir.it  sio.si  sti.st 

at  1. 14  0.00— 70S. 07"-nj. 07—701. 01— 4M.47—493.29— 404.21— Sa.14--l4S.0S--'Ur.1t—SM.31—Ua.S2- 


onn  MID  7  0  9 

I  I  I 

fIM  MIO  14  IS  14 

OltTMCf  0.02  0.02  0.02 

. I . I 

1  1  0.00  SS1.94  122.9S  110.4S 

2  2  S.14  "SSI.O*— 122.95-”1ia.43 


« 

I 

IS 

0.02 

- 1- 

SS4. 

•»4. 


TINMMTUMS  ON  MMCltD  lOUMMIES 


OOMOART  NUMII  TIMIAATuAt 

1  40.900000 

THt  QMAINT  TIM  STtA  (OElTAT)  •  4. 035099240-03 
TW  NAXINUM  TEMHAATWE  It  •  7.030750«02  <*-0.1> 

NW.  TIM.  A9HAIS  AT  MOEt  ■  1  2  14  17 

TW  HimiUI  TEMtUTME  It  •  1.104240*02  (*-0.1) 

NIN.  TEM.  AAOtAAt  AT  MOEt  -  IS  SO 

TAtlE  TM  tPECIAI.  MNITMINC  OF  TEKfEtATUREt 

MMER  09  TIM  MOE  MJWERt  AMO  TEMRERATUREt 

TIM  STEM 

70000  4.04530*02  1  7.031390*02 

moo  4.1S37»*02  1  7.032020*02 

71000  4.20200*02  1  7.032400*02 

79000  4.27030*02  1  7.033140*02 

00000  4.SSi}»*02  1  7.033440*02 

01000  4.40700*02  1  7.034100*02 

02000  4.47330*02  1  7.034330*02 

03000  4.54340*02  1  7.034930*02 
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a  a 


MCI  10 


CUnnT  TIK  ■  U:lS:M.St 


NCATINOl 

Attl  MEAT  OETOSITIQH  TAAMSIEN1  12 

-  loon  te  VW 

In  10  AM 

IIN  MC 

TIAMSIENT  TEHNAATUME  OISTOIIUTION 

A71EI0M26  TIW  STEMS, 

TIW  ■  6.600020*02 

won  nio 

1 

1 

1 

2 

1 

I 

6  7 

4 

I 

• 

3 

I 

12 

6 

7IW  WIO 

2 

1 

i 

3 

9 

10 

11 

IS 

OISTAWI 

0.00 

0.00 

0.00 

0.01 

0.01 

0,01  0.01 

0.01 

0.01 

o.ot 

0.02 

0.02 

•.02 

1  1  0.00 

0.00 

703.12 

701.32 

702.23 

691.91  691.72  606.66 

3W.U 

361.16 

317.61 

310.39 

522.7f 

3S4.70 

2  2  1.16 

0.00" 

•  701.32- 

--701.12- 

"702.21" 

•69S.91—691.72— 6a6.A6- 

-SW.U- 

"361.16" 

•317.61" 

-310.39" 

■-522.79-- 

'136.10 

OMtt  0(10  7  0  0 

1  I  I 

nut  etio  u  IS  to 


DISTAMa 

0.02 

0.02 

0.02 

0.00 

332.12 

122.99 

118.66 

1.16 

••352.12- 

••122.99- 

■•111.66 

TfWMATUtCS  ON  NUMIUO  lOUNOAtllS 

■OUNOAtr  NUMOtt  TCNACAAruAC 

1  AO.  900000 

TW  CUMINT  TIM  ITfN  (OEkTAT)  ■  t.0}OA0AS8D-01 

A 

TNf  NUINUM  riMKIATUK  1$  •  7.033230*02  (*-0.1) 

MAX.  TEHM.  A79EAXI  AT  NODES  •  1  2  16  17 

TNE  NIMIKM  TEMNEMTUOE  is  •  1.186630*02  (*-0.1) 

MIN.  TENS.  A77EUS  AT  NODES  -  1$  30 


MMEI  07  TIME  mmmmmmmmmmmmtmm 
TINE  STE7S 

•AOOO  6.61190*02  1  7.033290*02 

•3000  6.61020*02  1  7.013630*02 

•6000  6.76030*02  1  7.013930*02 

•7000  6.016aD*02  1  7.016260*02 

10000  6.(0SID*02  1  7.016310*02 

•9000  6.93160*02  1  7.016760*02 

90000  7.01170*01  1  7.036990*02 

91000  7.09000*02  1  7.017210*02 

92000  7.1S120*02  1  7.017610*02 

••M*  TAU.!  •  WST  N  evaluated  70*  7.200023110*02 

TW  VAIW  07  TW  TUHCTIOM  Will  IE  6.090000000*01  701  All  AMMENTS  CNEATEI  TNAM  7.200000000*02 
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»*CI  II 
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Nam  rw  tiuor  iuti  cm.cui.*tion$ 

■MtU  » 

ITtUriOm  COMVIKtlKf  NOM  TIMMUnm 


PtM  U 

UTuaoi«Ti« 

rACToa 
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MCf 


31 


CMIHT  TINI  ■  22:31:41.19 


EUTIMe 

ACM  NEAT  OEEOSITIOH  TEANSIEMT  12 

-  100EH 

to  2MW 

in  10  Etc. 

IIN  EC 

STEAOT  state  TIMEEEATUEE  OISTEIIUTtOM 

Artsi 

2  ITEMTIONS,  TIM  •  7.200010*02 

SEOSS  GEIO 

1 

t 

1 

2 

1 

4 

I 

0  9 

3 

1 

11  12 

EIM  EEIO 

2 

14  3 

A 

7 

10 

DISTANCE 

0.00 

0.00 

0.00  0.01  0.01 

0.01 

0.01 

0.01  0.01 

0.01 

0.02  0.02 

1  I  0.00 

0.00 

701.73 

701.76  702.49  699.14  691.93 

606.19 

3a.39  141.49 

317.16 

330.73  322.91 

2  2  1.14 

0.00- 

••701. 73-- 

-701.76--702.49--699  14--491.93- 

-606.19- 

• -340.39-- -3*1.49- 

-317.36- 

-330.73- -322.91- 

EEOSS  CEID 

7 

0 

9 

EINE  GEIO 

14 

13 

16 

oistancc 

0.02 

0.02 

0.02 

1 

1  0.00 

112.21 

121.01 

110.68 

2 

2  1.14 

-132.21- 

-121.01- 

••110.60 

• 

I 

II 

0.02 

SUM 

•1M.« 


TfHPMArutEt  M  MUMEIEO  lOUNOMIES 

HUNOAtr  WJMIEE  TEMAEIATUIE 

1  40.900000 

TW  NMIIM)  TEWtUTUIE  IS  •  7.037340<a2  («-0.1) 

MX.  Til*.  A9HAAS  AT  MOES  •  1  2 

THE  milliui  TEM9HATURE  IS  •  1.186S20<02  (*-0.1) 

NIN.  TEI*.  A99IUS  AT  MOOES  •  13  10 

THE  ITEAOT  STATE  CAICUIATIONS  KAVE  EEEN  COMAIETED. 
NMEI  OE  ITEUTIOHS  COMEIETED  •  2 


16 


ir 


TOU  AM  ■**OEEO  TO  HIT  A  SUHE  CAM  SETMEEM  JOSS. 

I  AAVI  MOT  SOUS  IT.  I  SNAll  00  AHEAD  AMD  MITE  TME 

CAM  I  NAME  JUST  MEAD  AS  THE  JOO  OESCtIMTIOM  TOE  THE  NEXT  JOS. 


CUnSMT  TIM  •  22:11:41.62 

MATIMOl,  A  MTI-eiMHIOMk  NEAT  OOMUCTIQM  CODE  HITM  TEMMtATUME-OEMMDEMT  TNEEMl  HMMITIES, 
HOO-IIMEAB  AM  SUOTACS-TO-SUREACE  tOUMAAT  COMITIOHS  AM  CMAMGE-OE-ENASt  CAEMIIITIES. 

IMIS  vnStOH  OE  TM  CODE  IS  DESCSISEO  IN  OEMl/TH/CSD-TS. 

TM  TIAMIEMT  OOlUTiaN  CAM  H  CAICUUTEO  IT  AH  IMEIICIT  TECNHIOuE  (CMAHK-MICOtSOH  OM 
•ACHMAOS  SUUI)  eon  HNOIEM  MITN  NATEEIAIS  much  AES  MT  aieoned  to  umeem  a  ENAH  CMAHM. 

TM  OM-OIMEMSIDHAI  E  SEMEEICAl  MODEL  MS  ADOEO  MOM.  73.  THIS  MODEL  MAT  N  ACCESSED 
ST  SHCIETIM6  M6SIS)  •  10  IN  THE  IMEUT  DATA. 

MEATIMG3  MS  MITTEN  IT 
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1 


Met 


eUMliir  TIM  •  0«TI  :  t/lt/im 

MATIKS,  *  IU.TI-OIMI«tlOML  NUT  CONOUCTIOM  COOi  WITN  rtMNMTlMt-OtMMtNT  TNtMUL  nOMITIIt, 

ae>-iii«tt  m  MUct>TO-Mr*ct  munomt  caNonioMt  md  CNMet'Ot-tNAM  unmiiitiii. 

TNit  wnia  ot  TNI  COM  It  ettaiiKD  i«  aHi/TH/c«*is. 

TM  TUMIINT  mUTION  CM  M  CMCUUm  IT  M  IMUCIT  rtCNMieuI  (CUWC-NICOltaN  ■ 

UcuuM  lM.n>  toi  uitn  WTUiMt  wnicn  ut  not  auouco  to  unmnco  a  anaii  cnank. 

TNI  OM'DIHINtlOMAl  I  VNIIICAt.  NOOfl.  UAI  AOOCO  NOV.  Ti.  TNIt  NOOCl.  NAT  K  ACaiKD 

■T  ttfcirriHG  NaoT  ■  io  in  tnc  innut  data. 

NUTIN6S  MAS  MITTIN  ST 
W.S.  TUNNtt 

s.c.  iiNoe 

l.l.  tINM-TOW 
OOMUTtN  SCItsat  OlVltlOM 
UNION  CMIIDt  OONNOUTION,  NUCLtAS  DIVISION 
OAK  Sioei,  TCNNttttI  I7U0 

TNIS  VtttlON  or  NfATINC  CM  NANOLC  A  NUIIWI  Of  400  lATTICf  NOINTS. 

INNUT  NtTUIN 

NOS  SCtaUNTION-*  ACtt  NtAT  OtNOSITlON  TNANtlCNT  N1  •  6400  MW  pulAN  •  TJ  INK  width  8  hAl< 
aOCTNT  TTH  MSMN  2  (Ot  IT  1 

NUMKt  or  iieioNt  s 

NUHItt  or  NATItlALS  4 

NUMt  or  NUT  aNtUTIOM  ruNCTIOMl  1 

NMU  or  INITIAl  TIIMUTUM  ruNCTIONt  t 

NUMin  or  oirriMNT  tiNOt  or  iounoaiiu  i 

TNit  Niail.iM  IHVOlVIt  TCMNCUTUli-OtNUOtNT  NtONUTItS. 

MMfl  or  NOINTS  IN  6SOn  N  01  I  lATTICI  9 

sums  or  noints  in  moss  t  ot  tnita  iattici  2 

NWHI  or  NOINTS  IN  CtOtS  2  UATTICI  0 

MHtIt  or  AMAUTTIC  rUHCTIONt  1 

Nismt  or  TASuut  ruNCTiONS  s 

HWttl  or  TtMtIINT  NtINTOUTS  SNICITItO  8 

TIHNfUTUlIt  or  ttllCTID  NOOIS  Will.  St  MONITOItO  tVftT  1000  ITItATIOMI  Ot  TIHt  ITfPI. 

NtOSlIN  TTNt  Nksatt  S 

STUOT  STATt  CONVItaiCI  CtlTIIIOM  1.00000000-0] 

NUIWN  MSWI  or  STIAOT-STATI  ITIIATIONS  1000 

Nwsti  or  iTiuriONS  itrwffN  TtuNitAiuie  oinuout 

NASAMTft  tVAlUATIOHS  rOt  STIAOT  STATI  UICUIATIONS  0 

INITIAL  OVttULAMTION  TACTOI  (SCTA)  TON  STIADT  STATt  UlCUUTIOHS  1.90000000 

TIM  INCttNtNT  1.00000000-03 

lIVT'S  tINllCIT  NtTNOD  WILL  It  UttO  WITH  A  TIMt  STtN  1  TIMtS 
IMStl  TNM  TNAT  USte  IN  TNt  STAMOAIO  TtANSICNT  TtCMIOUS. 

INITIAL  TINS  8.00000000-01 
riNAL  TIM  2.00000000*00 
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MCf  2 

ttMMT  Of  MCION  OAT* 


MOWIt  *•  rn  MMH 
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■IM*  lOITIAl 
riMKUTUlI 
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2 
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0 
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1.243340000*03 

1.310904400*03 
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0.003100 

4 

0.0032L2 

S 
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0.017903 

IS 

0.011010 

10 
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1 

0.00 

I 

0.00 

s 

0.00 

4 
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II  II  II 

FINI  Clio  1  2  I  A  S  A  r  •  f  10  11  12  II 

OISTAMCt  0.00  0.00  0.00  0.01  0.01  0.01  0.01  0.01  0.01  0.01  0.02  0.02  O.SS 

I . I . I . I . I . I" 

1  1  0.00  0.00  27.42  111.02  HO.IS  120.70  124.09  1IA.79  117.11  1A2.99  1S0.AS  119.07  144.SI  20.11 

2  2  I.IA  0.00 - 27.42---11S.S2--1ia.IS— 120.70— 124.09— 1IA.79.-II7.I1--1A2.99—1S0.AS---1S9.07—144.SI— -20.11 


coon  Goto  7  0  9 


I  I  1 


ria  wio 

u 

IS 

14 

DISrANCC 

0.02 

0.02 

0.02 

1  1  0.00 

20.02 

20.00 

20.00 

2  2  I.IA 

—20.02- 

-20.00- 

---20.00 

TCMPEUruMS  ON  NUMOEEEO  tOUNSMIES 

OOUNOAET  NUMOEE  TEMPEAATU9E 

1  20.000000 

TNE  euMAENT  TIME  STEP  (OECTAT)  •  1.0000000W-OI 
THE  MAXIMUM  TEMPEMTUME  IS  •  1.441100*02  (*-0.T) 

MAX.  TEMP.  APPEAXS  AT  MOOES  •  II  24 

THE  MINIMUM  TEMPEUTUNE  IS  •  2.001420*01  (*-0.1) 

MIN.  TEMP.  APPEAXS  AT  NODES  •  IS  1A  IS  20  29 

SO 
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MCI  16 


eunim  TIM  ■  U:»:29.97 


EEETIEGS 

ACER  EUT  OEEOtlTlOE  TEAEtlEET  01 

-  6400  EW  pultE 

-  13  EEEC  Hfdth  6  Etif 

ION  K 

TEAEtlEET  TEENEATURE  OltTEIEUTIOR 

AftiM 

M  TIER  STEES,  TIK  ■  2.600000-02 

CtOGS  GRID 

1 

2 

3 

4 

3 

6 

1 

1 

t 

I 

1 

1 

FIEE  GRID 

1 

2 

3  4  3 

6 

7 

6  9  10 

11  12 

IS 

OtSTAECE 

0.00 

0.00 

0.00  0.01  0.01 

0.01 

0.01 

0.01  0.01  0.01 

0.02  0.02 

0.02 

.  .  . 

1  1  0.00 

0.00 

71.40 

217.04  222.7S  227.47  i 

236.13 

2S4.67 

260.71  271.16  2tS.S9 

303.36  313.02 

21.06 

2  2  3.14 

0.00- • 

"71.40- 

"217.64--222.75— 227.47--- 

236.13" 

-2S4.67-- 

-260.71— 271. U—265.S9" 

-303.36—313.02- 

—21.06 

6IO(t  GItO  769 


I  I  I 


FIEE  GRID 

u 

15 

16 

OISIAECE 

0.02 

0.02 

0.02 

1  1  0.00 

20.26 

20.00 

20.00 

2  2  3.14  -' 

-20.26- 

---20.00--- 

-20.00 

rEN7H*ru*Et  ON  WMEEEO  lOUNDAEIES 

lOUNOUr  MMEt  TEWEEATUEE 

1  20.000000 

THE  CUEEEET  TIME  SfEE  (OEkTAT)  >  1.000000000-03 

THE  NAEINEI  TEMEEEATUEE  IS  •  3.1301EO«02  <*-0.1) 

MX.  TEME.  AEECAES  AT  EOOES  ■  11  26 

THE  NIMIIU)  TEMEEUTUEE  It  •  2.00007D«01  («-0.1) 

RIE.  TEME.  EEEEAEt  AT  EOOES  •  14  IS  29  30 

•MM  )  MitT  EE  EVALUATEO  TOE  2. 600000000  02 

TEE  VALUE  Of  tee  ruECTlOE  UIll  EE  1  .OlOEOAEOD'Ot  FOE  AU  AEGUIEETt  GEEATEE  TNAE  2.600000000-02 
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net  17 


CUMIKT  TIM  ■  U:}S:M.8S 


eutieos 

ACEE  MEAT  OEPOSITIOE  TEAMSIEET  01 

•  6600  MU  pulAi 

-  IS  MEoe  MlOlfi  8  half 

lOM  PC 

TEAESIEET  TEMPEEATUEE  OISTEISUTIOH 

AfTCI 

SO  TIM  STEPS,  TIM  •  S.000000-02 

GEOSS  mo 

1 

2 

s 

4 

5 

6 

1 

I 

1 

I 

1 

1 

Piw  mo 

1 

2 

S 

4 

S 

6 

7 

0  9 

10 

11 

12 

IS 

OISTAECE 

0.00 

0.00 

0.00 

0.01 

0.01 

0.01 

0.01 

0.01  0.01 

0.01 

0.02 

0.02 

o.ot 

1  1  0.00 

0.00 

07.06 

217.90 

222.76 

227. S2 

2S0.10 

256.69 

261.05  271.25 

205.66 

S0S.20 

S16.66 

21.S9 

2  2  S.U 

0.00" 

'••07.06- 

••217.90-- 

-222.76- 

—227.52— 

2S0.10-- 

-256.69-- 

-261.05  —  271.25- 

••205.66" 

•S03.20- 

-•316.U- 

—21.19 

CM$t  mo  7  8  9 

I  I  I 


riH  MIO 

14 

15 

16 

OISTAECE 

0.02 

0.02 

0.02 

1  1  0.00 

20.62 

20.00 

20.00 

2  2  S.U 

... 20.42- •• 

-20.00- 

-•-20.00 

riMPHATlMCS  M  NUMIHCO  UUNOAKItS 

lOUMAAT  NUMCl  TCMMAATUAE 

1  20.000000 

TNC  eUtKNT  TIM  STEA  (OElTAT)  •  1.000000000-05 
TW  maximum  TEMPEUTun  IS  •  3.UA}9D«02  («-0.1) 

MAX.  TEMP.  APPEAXS  AT  WOES  •  11  26 

THE  MIXIIW  TEMPEEATUEE  IS  •  2.000130«01  (*-0.1) 

MIX.  TEMP.  APPEAES  AT  WOES  •  U  IS  29  SO 
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MGI  II 


eUMNT  Tl«  •  UiSIlW.IS 

NUTIlieS  ACM  MAT  MMCITIM  TCAMIIAT  *1  -  MM  W  puitt  •  IS  SMC  Midth  •  lM(f  IW  PC 

TUPtiMT  TiNMuruii  eitniiuTiap  attci  im  tim  ttm,  tim  •  i.moiwd-oi 


GEOSS  CUD 

ElM  CEIO 

DISTAHa 

1 

I 

1 

O.M 

2 

O.M 

2 

1 

S 

O.M 

4 

0.01 

S 

0.01 

4 

0.01 

s 

1 

7 

0.01 

4 

1 

a 

0.01 

9 

0.01 

10 

0.01 

11 

0.02 

5 

I 

12 

0.02 

4 

13 

0.02 

1  1 

O.M 

0.00 

209.S2 

210.92 

22S.01 

220.n 

230.14 

2$l.73 

245.03 

273.07 

204.40 

301.20 

304.30 

23.40 

2  2 

S.U 

O.M- 

-209.S2- 

-210.92- 

"221.01” 

-220.33- 

-'230.04- 

--2SI.7S— 243.03- 

-•271.07- 

--2I4.40-- 

-301.20- 

--304.S4— 

-p;.M 

MOM  GPIO  7  1* 


I  I  I 


PIM  CEIO 

14 

IS 

14 

OISTAMCE 

0.02 

0.02 

0.02 

1  1 

O.M 

24.31 

20.04 

20.03 

2  2 

3.U  - 

--24.11-- 

-•20.04-- 

--20.03 

TIMPMATUPM  ON  PUMUACO  MUMAAlCS 

MUWAAT  PUMUA  TEMPIAATUAC 

1  20.000000 

TNi  CUPUNT  TIM  STEP  (OEkTAT)  •  t.OOOOOOOGO-OS 
TM  MXIMPI  TEMPEEATUEE  IS  •  S.OASJTO^OZ  (••0.1) 

MX.  TEMP.  APPEAES  AT  WOES  •  II  24 

TM  MUIIUI  TEMPEEATUEE  IS  •  2.004200*01  (*-0.l) 

MIX.  TEMP.  APPEAES  AT  MOOES  •  U  IS  29  30 


IW  K 


CWItNT  TIMi  •  U:S6:26.M 

HATIIWS  ACM  NUT  MAOIITIOI  flMtltllT  ft  •  «U0  m  pul B0  •  tS  aMc  width  ■  half 

TtANIIINT  rCMMUruM  DIITttIUTIOM  »Ttt  SOO  TIIC  ttlAt,  TIW  >  S.OOOOOO-Ot 

•ntt  Olio  12  i  *  s  • 

II  II  II 

riw  Clio  1  2  s  «  s  «  r  ■  «  10  11  u  n 

OltTAlia  0.00  0.00  0.00  0.01  0.01  0.01  0.01  0.01  0.01  0.01  0.02  0.02  0.02 

I . I . I . I . I . I" 

1  1  0.00  0.00  222.01  223.12  223.20  ai.SS  219.10  2U.IM  2T0.01  201.23  200.11  200.10  200.31  03.00 

2  2  S.U  0.00>"222.01— 223.12—  223.20— 231.33— 219.10— 2U.00--27a.01---ai.2S— 200.11— 200.10— 200.31— -03.00 


onu  caio  210 


I  I  I 


flNI  0010 

u 

IS 

1A 

DISTANCC 

0.02 

0.02 

0.02 

1  1  0.00 

A1.20 

21.20 

21.30 

2  2  l.U 

—43.20-.- 

-21.20- 

--•21.30 

TIMOKOrutCt  ON  HUMIHIO  lOUNOOIICS 

HUM0M1  NUMH  IfNKIOTuH 

1  20.000000 

thi  cu*i»r  TIM  trio  (oictoT)  •  i.ooooooooo-oi 
TW  MWIIIU1  TCMniOTUlf  It  •  2.0013a0>02  <*-0.1) 

WX.  TIMO.  OOOfOlt  AT  llOOIt  •  10  23 

TW  HllllWfl  TEMOIMTUII  It  •  2.130100-01  (-0.1) 

Nm.  riNO.  AAKAAt  AT  MOEI  •  IS  30 


MA«tl  Of  Tim  ...............I 

TIMI  tTIOt 

1000  1.00000-00  1  2.200030-02 


rail  TO*  tOItlAl  MONITWIIIC  or  TIMOIMTUIEt 
XOOI  MMIIt  AMO  TEMOIIATUtll 


MCI  M 


OMINT  riNI  ■  14:17:25.26 

NUTIMS  6C»  NUT  OCNOSITtON  TIMtIINT  61  •  6«M  MU  pulM  •  IS  me  ■<«!«  •  kN(f  IM  K 

TIMtIINT  riMMtUTun  OltTIHUTION  NTTU  1000  TINI  OTtOt.  TlNi  ■  1.000000*00 
GMOS  Oiie  1  2  16  SO 

II  II  II 


EINC  8010 

t 

2 

1 

4 

5 

6 

7 

8 

9 

10 

11 

12 

IS 

OItTANCt 

0.00 

0.00 

0.00 

o.ot 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.02 

0.02 

0.02 

1  1  0.00 

0.00 

226.10 

226.96 

228.96 

211.17 

218.11 

260.91 

281.96 

282.68 

282.88 

211.16 

66.86 

2  2  1.16 

0.00- 

-226.80- 

-•226.96- 

-228.96- 

-211.17- 

-218.15- 

-260.9S- 

-281.H- 

■•282.M- 

-282.85- 

-281.16- 

-277.16— 

-66.06 

OOOU  GUO  7  0  9 


I  I  I 


FINE  0*10 

u 

11 

16 

distance 

0.02 

0.02 

0.02 

1  1  0.00 

62.87 

21.95 

21.19 

2  2  1.16 

-•62.87- 

—  25.95-- 

••25.59 

rcHNtNAruecs  on  nmikd  oounoaniu 

OOUNOANT  NUME*  TCMNEUrUNC 

t  20.000000 

TNI  CUnCNT  TIM  STEN  (OElTAT)  ■  1.0000000n-01 
TNE  WUlWM  TEMNENATUNE  It  •  2.028560*02  (*'0.1) 

MAN.  TEMM.  ANNEAIS  AT  NOOEE  •  9  26 

TNO  MINIMW  TEMMENATUNE  It  ■  2.559260*01  (*-0.1) 

MIN.  TEH9.  AMNEANt  AT  NODES  •  15  10 
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?  t 


»*GI  21 


amUl  111*  ■  U:3t;22.U 

WATIISS  *Clt  MAT  MAOItTiai  TIAAtinr  «1  •  MOO  W  pulM  •  15  mtc  ifOth  •  MIf  IW  K 

TIAMIHT  TIMNUTUn  OttttllUTIOII  AfTH  2000  TIM  tTm,  TIM  ■  2.0000a>*00 


non  otio 

riM  Mie 

eilTANCI 

1 

1 

1 

0.00 

2 

0.00 

2 

I 

5 

0.00 

4 

0.01 

S 

0.01 

0 

0.01 

s 

1 

7 

0.01 

4 

1 

i 

0.01 

9 

0.01 

10 

0.01 

11 

O.OI 

5 

1 

12 

0.02 

0 

1 

IS 

0.02 

1  1 

0.00 

0.00 

251. 7« 

2S1.t2 

252.01 

25A.9* 

257.20 

250.95 

277.07 

277.02 

270.n 

27S.U 

209.29 

9t.S2 

2  2 

5.U 

0.00" 

-251.7*- 

--251.02- 

"252.01-- 

-254.M-- 

-257.20- 

--250.95---277.07” 

-277.02" 

-270.n- 

"275.00" 

-209.29— 

•92.52 

8«0St  GAIO  7  19 

I  I  I 


[  «I0 

14 

IS 

10 

oiitanci 

0.02 

0.02 

0.02 

0.00 

91.20 

50.00 

37.49 

5.1* 

— 91.20--- 

-50.00- 

•"37.49 

TINMUTlMIt  ON  NUMHCO  lOUNOAIICt 

fOUNOANT  NUMCA  TCMiAATUtl 

1  20.000000 

TM  CUMINT  TIM  ITCN  (OllTAT)  •  1.000000000-05 
TM  NAAIMW  TfMNtUTUM  11  •  2.77aAA0'>02  (*-0.1) 

WX.  TIM.  AMItfl  AT  wolf  •  7  0  22  25 

TM  HININUM  TIMfUTUM  IS  -  5.7A9A90*Q1  (*  0.1) 

NIN.  TIM.  AMIUl  AT  WOIS  •  IS  50 

TM  TUISlINT  CAICUUTIONS  NAVI  KIN  COMIITIO. 

FINAL  TIM  IS  2.000000*00 
MMII  or  TIM  STirt  COMIITIO  •  2000 


173 


»» 


Iiaii  m  ITMT  STATI  CUCUUnONI 


^ASI  22 


«owi  or 

1111*11000 

COOVtlGtOCt 

3 

1.21S4S1-01 

0 

1.410901-02 

IS 

•s.sor221-02 

10 

•1.000941-02 

21 

•S.4S4SS1-02 

20 

•2.44S01f-02 

» 

•2.127S2i-02 

SO 

•1.9972St-02 

41 

-1.44S91I-02 

a 

-1.000471-02 

11 

•O.OOISM-OS 

so 

•0.402490-0] 

OS 

•7.129941-01 

40 

-0.104441-03 

71 

•1.012091-03 

TO 

•1. 711971-01 

U 

-4.494741-01 

00 

'4.044171-03 

OS 

■3.927241-01 

90 

•l.a717»-01 

101 

•3.227901-01 

100 

•2.09272t-01 

111 

•2.01S2ai-03 

110 

•2.002101-01 

121 

•3.2a4m-03 

120 

-2.114401-01 

111 

-2.019411-01 

110 

•1. 739141-01 

141 

-1.20S421-01 

ia 

-1.ia41X-01 

111 

-1.144111-01 

IM 

•1.14194t-0} 

141 

-1.941071-01 

140 

-1.71)911-03 

171 

-I.OOSOOi-OS 

170 

•1.471001-01 

Its 

•i.fnioi-04 

100 

-0.107971-04 

191 

•a.1S2Ml-04 

190 

•7.«MMt-04 

101 

-1.240101-01 

200 

•O.S0090I-04 

til 

-0.701141-04 

210 

-7.994001-04 

221 

-4.121191-04 

moi 

tlMNMTUIl 

so 

4.041101*01 

29 

7.210921*01 

22 

1.7141)1*02 

10 

2.117421*02 

10 

I.D1 171*02 

1 

1.411401*02 

7 

1.1040)1*02 

22 

1.0)92)1*02 

1174  Koueio  TO 

1 

1.210101*02 

1 

1.149071*02 

U 

1.1094)1*02 

14 

1.0)0471*02 

Mr*  UOUCIO  TO 

1 

1.0217)1*02 

1 

9.9209X*01 

2 

9.401071*01 

1 

9.140101*01 

HT4  (louno  70 

1 

9.120091*01 

1 

a.9)0OM*01 

2 

0.7)2701*01 

1 

0.40)071*01 

MT*  HOUCIO  TO 

1 

0.4)94X*01 

1 

0.139701*01 

1 

0.221)91*01 

1 

0.104491*01 

l)IT(*70l4ri0N 

U 

1.191171*01 

14 

3.144011*01 

14 

3.1121K*01 

14 

3.003)11*01 

IX7«**04*7I0h 

2) 

3.4494X*01 

22 

). 444471*01 

22 

3.4443M*01 

22 

1.424)71*01 

HTt**Ol*TION 

14 

2.942121*01 

14 

2.9)1121*01 

14 

2.910771*01 

14 

2.000471*01 

IX7U70U7IO* 

9 

2.433)01*01 

0 

2.4243)1*01 

7 

2.41)091*01 

7 

2.404001*01 

1X71*40147100 

14 

2.140921*01 

14 

2.171741*01 

14 

2.140141*01 

14 

2.149401*01 

1X71*701*7100 

1 

2.41)1»*01 

llTMMuriCM 

r«ct« 

-5.4274»«M 

S.«MK*00 

•2.41MM*02 

•7.47l(at*0« 

$.4S442i««l 

1.l44rit*01 

2.42n«(*01 

1.MO 

1.ni6MI*01 

4.ns40(*00 

«.t1174(*00 

-t.n4M»02 

i.no 

1.477171*01 

1.2«906E*01 

2.4«71t*01 

1.U10St*02 

1.400 

4.240041*01 

1.700021*01 

7.010441*01 

1.441011*02 

1.100 

4.117141*01 

1.421011*02 

1.101211*02 

1.914041*02 

1.034041*01 

1.003111*01 

2.470141*01 

3.210941*01 

3.227421*00 

2.070011*02 

2.019111*02 

1.944121*02 

•2.304191*00 

4.217911*01 

1.092711*01 

1.111011*01 

1.010901*00 

9.912911*01 

0.404011*01 

7.991491*01 

•2.411001*00 

4.1420M*01 

1.104111*01 

1.742011*01 

4.404121*00 
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S.S4991I-(K 


2.4aa)4i>oi 


«.0S1W(«01 


i&tt  Ease  aaaa  asaa  ssaa  aaas  asss  ssss  laia  ssaa  aaaa  sa 


us 


•s.ssim-oa 

7 

2.402584«01 

4404  23 

8.10«54*01 

•5.2U03f-W 

7 

2.304174*01 

7.0571U*01 

-r.ssos«f-M 

14 

41IT4AWUTIQM 

2.231054*01 

-2.031071*00 

■a.«2UU-M 

14 

2.375084*01 

5.213504*01 

•s.«r7ZK-oa 

14 

2.347844*01 

5.408311*01 

•S.WTSsi-oa 

1 

2.341704*01 

5.000884*01 

8 

4X74470447  ION 

2.2754U*01 

4.7083U*00 

•s.«asu-M 

7 

2.271404*01 

8.631704*01 

-S.TSUK-M 

7 

2.247324*01 

8.045564*01 

-s.ssmi-M 

7 

2.243224*01 

7.060424*01 

-4.7U11I-W 

14 

4X74440447  ION 

2.254384*01 

•3.388734*00 

•4.S«1Ut>U 

14 

2.240284*01 

5.285884*01 

-s.mmf-M 

14 

2.2444U*01 

5.577414*01 

•S.4n3«f-U 

1 

2.240474*01 

6.038144*01 

-2.Sn26f-04 

8 

4X74440447104 

2.18U34*01 

4.021641*00 

•I.ri79»-(I4 

7 

2.181844*01 

8.434004*01 

•2.SS«2t-04 

7 

2.178084*01 

7.007564*01 

-2.405701-04 

7 

2.174204*01 

7.050524*01 

-S.24904E-04 

14 

4X74440U7I0N 

2.170384*01 

•3.3000«*00 

•2.040 70C-04 

14 

2.147054*01 

5.330554*01 

•2.7107K04 

1 

2.164204*01 

5.720844*01 

-2.404544-04 

1 

2.141411*01 

6.08U34*01 

-1.047054-04 

8 

4X74440447  ION 
2.124151*01 

5.180584*00 

-1.854504-04 

7 

2.122424*01 

8.105134*01 

-1.7U204-04 

7 

2.120534*01 

7.775414*01 

-1.434424-04 

7 

2.118744*01 
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14 
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1* 
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7 

EiriAXOUTIO* 
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9.61997**00 
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Appendix  C 
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Matlab  Sample  Data  File  -  no  noise  case _  1 8 1 

Matlab  Sample  Input  File  -  no  noise  case _  1 82 

Matlab  Sample  Output  Plots  -  no  noise  case _  1 84 

Matlab  Sample  Data  File  -  two  percent  noise  case _  191 

Matlab  Sample  Input  File  -  two  percent  noise  case _  1 93 

Matlab  Sample  Output  Plots  *  two  percent  noise  case _ 1 95 

Matlab  Sample  Output  Plot  Generation  File _  202 
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a0-9.8218e-4; 

al*4.0822c-7; 

a2=1.1773e-10; 

bO*1.113e-l; 

bI*1.5402e-4; 

h2»-4.0805c-8; 

cO=78.381; 

cl=0.3393; 

c2--8.9181e-5; 

dO^  189.8; 

dl=-0.61063; 

d2»0.0088811; 

g0=1002.9; 

gl=-0.1599; 

g2=-0.0028345; 

in2=M).0151; 

ml=2.9305; 

in0=-49.79; 

A=14.0; 

df=3550; 

VfN).09866089; 

dt=0.05; 

t=6.3e-7; 

Vm=0.045434752; 

q)in=4182; 

Tm=20.0; 

Tina(l)=20.0; 

Tpool=20.0; 

Tfim=25; 

Pint=3e3; 

Tfr=Tfint; 

Tfin=Tfinl; 

TfTl(l.l)=Tfin; 

P=Pint; 

reactfbint=0.0; 

fori=l;3000 

Tfrl(l,i+l)=Tfr-A*dt*(bO*Tfr+bl*Tfr^2+b2*Tfr^3)/(df*VO... 

+A*dt*Tin*(b(mjl  •Tfr+b2*TfT''2)/(df*  Vf) ... 

+( l-t)*dt*P*(aO+a  1  •Tfir+a2*Tfr^2)/(df*  Vf); 
hcatin-dt*((A*(cO+cl*Tfr+c2*TfT^2)*(Tfr-Tin))+(t*P))/. 
((gO+gl*Tm+g2*Tm''2)*(d(Hdl*Tm+d2*Tm''2)*Vm); 

hcaloot=dl*(in(Kinl*Tin+in2*Tin''2)*2*(Tm-Tpool)/((g(H-gl*Tin+g2*Tm''2)*Vin). 

Tiiia(i+l>>beatiii>lieatout+Tin: 

Tiii“Tiiia(i+l); 

Tfr=TfrI(l,i+l); 

ifi<100 

P=Pf3.997e4; 

else 

P-4c6; 

end 

end 

fori-l:3000 

reactflX  1  .iHTfr  1  ( 1  .i)-Tfml)*(-3 .85-(730/<273 . 1 5+TfrU  1  .i))))*  le-5/0.0073 ; 
end 
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a0=0.0; 

al=-4.0822; 

a2=1.1773e-10;; 

bO=<).0; 

bl=0.0; 

b2=-4.0«05e-8. 

c0=78.381; 

cl=0.3393; 

c2=-8.9181e-5; 

do=4189.8; 

dl=M).61063; 

d2»«.0088811; 

g0=1002.9; 

gl=^.1599; 

g2=-0.0028345; 

in0=-49  79; 

ml=2.9305; 

ni2=-0.0151; 

A=14.0; 

df=3550; 

Vf=0.09866089; 

dt=0.05; 

t=6.3c-7; 

din=998.20323; 

Vm=0.045434752; 

q)m=4182; 

Tin=20.0; 

Tnil(l)=Tm; 

Tpool=20.0; 

Tfint='25; 

Pint=3e3; 

rcactfbin(l)=0.0; 

Tftn=Tfini; 

P*Pint: 

Pl{l)=Pint; 
datain=(Tfm  bO  bl  aO]: 

Fl=l*A*dt*(bO* lc-l+2*bl •  lc-4*Tfim+3*b2*Tfin'‘2)/(df*Vf). . 
+A*dt*Tin*(bl*lc*4+2*b2*Tfm)/(df»Vf)4dt*(l.t)*P*(al*lc-7+2*a2*TfTn)/(df*Vf): 
F2=A*dt*  le- 1  ♦am-Tfin)/(df*  Vf); 

F3=A*<H*  le-4*(Tm*Tfm.Tfitn''2)/(df*  VO. 

F4=(  1  1  e-4/(df*  VO; 

F*[F1  F2  F3  F4;0  1 0  0;0  0  1  0;0  0  0  1]. 

E*iiiv(F*F); 

j-O.O; 

sumi=0.0; 

b0suin=0.0; 

b0a\’e(l)=0.0; 

blsum-O.O; 

blave(l)=O.0; 

aOsum^.O; 

a0a%c(l)=0.0; 

fori*l:3000 

X^ITfin  bO  bl  aO]’; 

h*<-3.85+730*Tfin/(273. 15-^Tfnir2-730/(273. 15+Tftn)-730*Tfint/{273. 15+Tfin)''2. . 
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)*le-5/.0073; 

H-fhOOO]’; 

OH’*E*H+le-15; 

L=E*H*inv(0); 

Y»Teactfb(l,i); 

xhat»X+L*(Y<rfin-Tfint)*(.3.85-(730/(273.154Tfin)»*lc-5/.0073). 
data]n>‘[datam;xhat'] ; 

Tfin=xhat(l.l); 

reactfbni(i+lHTfin-Tfint)*(-3.85-{730/(273. 15+Tfin)))*  le-5/.0073; 

Tnil(i+l)=Tin; 

bO=xhat(2,l); 

bl**xhat(3,l); 

a0=xhat(4,l); 

bOsuni*bO*i+bOsum; 

blsuni=4>l*i+blsum; 

aOsiiin‘=aO*i4aOsuin; 

sumi=i+suiiii: 

bOa\’e{i+ 1  H)Osuni/sumi; 

blav’e(i+lH}lsuiii/suini; 

aOave(i4 1  ><=aOsuin/sunu; 

j=j+i; 

Tfinl=Tfm-A*dt*(bO*le-l*Tfin+bl*le-4*Tfin^2+b2*Tfin''3)/(df*Vf)... 

+A*dt*Tni*(bO*  le-l+bl  •  le-4*Tfm+b2*Tfin''2)/(df*  Vf)... 

+( 1  -t)*dl*Pl(i)*(aO*  le-4+a  1  *  le-7*Tfm+a2*Tfin''2)/(df*  Vf). 
Tnical*Tni+ch*(A*(cO+cl*Tfin+c2*Tfin'^2)*(Tfin-Tm)+Pl(i)*l-... 
(inO+ml*Tm+m2*Tm^2)*«10+dl*Tin+d2*Tm''2)*2*(Tm-Tpool))/... 

((gO+gl  *Tin+g2*Tm''2)*(dO+<ll  *Tm+d2*Tni^2)*  Vm); 

Fl=l-A*di*(bO*le-l+2*bl*le-4*Tftn+3*b2*Tfin^2)/(df*VO... 

+A*dt*Tin*(bl*lc-4+2*b2*Tftn)/(df»Vf)+<lt*(l*trPl(i)*(al*le-7+2*a2*Tfm)/(df*V0: 

F2»A*dt*  le- 1  •(Tin-Tfin)/(dr*  VO; 

F3=A*dt*  le-4*(Tin*Tltn-Tfm''2)/(df*  VO; 

F4=(  l-o*Pl(i)*dt*  le-4/(df»V0; 

F=(F1  F2  F3  F4;0  1  0  0;0  0  1  0;0  0  0  1]; 

ifj-*3001 

El=iixv(F*F); 

j=0; 

else 

Ea=E-E*H*(inv(H'*E*H+le.l5))*H'*E; 

El=F*Ea*F; 

end 

E=E1; 

Tm=Tmcal; 

Tfin^Tfiml; 

ifKlOO 

P»P+3.997e4; 

Pl(l+i)*=P; 

else 

P-4e6; 

Pl(l+i)“P;  J 

end 

end 
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Feedback  Reacdviiy  •  Model 
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Esdfiuted  Model  Parameters 
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Reactor  Power 
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Time  (seconds) 
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aO»9.8218e-»; 

al«-4.0822e-7; 

a2*l.lT73e-10; 

bO»1.113c-l; 

bI»1.5402c-4; 

b2*-4.0805c-8; 

cO*78.381: 

cl=0.3393; 

c2*-8.9181e-5; 

dO*4189.8. 

dl=-0.61063; 

d2H).0088811; 

g0*1002.9; 

gl=-0.1599; 

g2=-0.0028345; 

in2=-0.0151; 

ml=2.9305; 

inO=-49.79; 

A=14.0; 

(tf=3550; 

Vf=0.09866089; 

dt=0.05; 

t=6.3e-7; 

dm=998.20323; 

Vfn=0.045434752; 

qjm=4182; 

Tin=20.0; 

Tina(l)=20.0; 

Tpool=20.0; 

Tfint=25; 

Pint=3c3; 

Tfr=Tfint; 

Tfim=Tfint: 

Tfrl(l,l)=Tfm; 

P*Pint; 
reactfbint=0  0; 
for  1=1:3000 

Tfrl(l.i+l)=Tfr-A*<ll*(b0*Tfr+bl*Tfr2+b2*Tfr''3)/(df*V0.. 

+A*dt*Tin*(bO+b  1  •Tfr+b2  •Tfr''2  )/(df»  VO. . . 

+( 1  -t)*dt*P*(aO+a  1  •Tfr+a2  •Tfr^2)/(df*  VO; 
heatin=dt*((A*(cO+cl*Tfr+c2*TfT^2)*(Tfr-Tm))+(t*P))/... 

((gO+gl  •Tin+g2*Tni''2)*(dO+dl  •Tin+<12*Tm''2)*  Vm); 
heaioiit=<ll*(inO+-ml*Tin+ra2*Tiii''2)*2*(Tm-Tpool)/((g(H-gl*Tm-t-g2*Tm^2)*Vin); 
Tiiia(i+ 1  )=heatin-heattmt+Tin; 

Tni=Tina(i+l); 

Tfr=Tfrl(l.i+l); 

ifi<100 

P=Pf3.997e4; 

else 

P-4€6; 

end 

end 

for  i=l;3000 

reactfb(l.i)=(Tfrl(l.i)-Tfint)*(-3.85-(730/(273,15+Tfrl(l,i))))*lc-5/0.0073; 
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end 

for  1=1:3000 

reactfl)(l,i)=Tcactfb(l.i)40.02*reactfb(l.i)*{l-2*fand); 

end 
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a0=0; 

al=^.0822; 

a2=1.1773e-10i; 

b0=0; 

bl=0; 

b2=4.0805c-«; 

cO=78.381; 

cl=0.3393; 

c2==-8.9181e-5; 

(10=4189.8; 

dl=-0.61063; 

d2=0.0088811; 

g0=1002.9; 

gl=^.1599; 

g2=^.0028345; 

in0=-49.79; 

ml=2.9305; 

m2=-0.0151; 

A=14.0; 

df=3550; 

VfN).09866089; 

dt=0.05; 

t=6.3e-7; 

din=998.20323; 

Vin=O.045434752; 

qwn=4182; 

Tin=20.0; 

Tml(l)=Tm; 

Tpool=20.0; 

Tfint=25; 

Pint=3e3; 

reactfbm(l)=O.0; 

Tfin=Tfint; 

P=Pim: 

Pl(l>=Pinl; 
datani=[Tfitn  bO  bl  aO]; 

Fl=l-A*dt*(bO*le-l+2*bl*le4*Tfm+3*b2*Tfin^2)/(df»Vf)... 
+A*<ft*Tin*(bI*Ie-4+2*b2*Tfin)/(df*Vf)+A*(l-t)*P*(al*Ie-7+2*a2*Tfm)/(df»Vf); 
F2=A*<h*  le-1  *(Tra-Tfin)/«if*  VO; 

F3=A*clt*  le-4*(Tin*Tfin-Tfin^2)/(df»  VO; 

F4=(l-t)*P*dt*  le-4/(df*V0; 

F=[F1  F2  F3  F4;0  1  0  0;0  0  1  0;0  0  0  IJ. 

E=inv(F*F); 

ro.o; 

sumi=0.0; 

b0siun=0.0; 

b0ave(l)=0.0; 

blsom^O.O: 

bla^'c(l)=0.0; 

a0soin=0.0; 

a0a\'e(lH).0; 

for  i*l  3000 

X=fTfinbObl  aO]'; 

h={-3.85+730*Tfm/(273 , 1 5+Tfm)"'2-730/(273 . 1 5+Tfin)-730*Tfint/{273. 1 5+Tfm)''2. . . 


193 


)*le-5/.0073; 

H-[hOOOr; 

OH’*E*H+le-7; 

L=E*H*im(0); 

Y=reactfb(l.i); 

xhat=X+L*(Y-(Tfin-Tfint)*(-3.85-{730/(273.15+Tfin)))*le*5/.0073); 

d^ain-[datam;xhat']; 

Tfin=xhat(l,l); 

reactfbm(i+l)=<Tfm-Tfint)*(-3.85-(730/(273. 15+Tfin)))*  le-5/.0073; 

Tinl(i+l)=Tm; 

bO=xhat(2.1); 

bl>’xbat(3,l); 

aO=xhat(4,l); 

bOsuin^*i-H)Osuin; 

bl  siun^l  *i+bl  suin; 

aOsuin^*i+aOsuni; 

sumi=i+suim; 

bOave(i+ 1  )=bOsum/suini; 

blave(i+l)=blsum/suini; 

aOave<i+ 1  )=aOsuin/suini : 

Tfinl=Tfiii-A*dl*(bO*Je-l*Tfin+bl*le-4*Tfin''2+b2*Tfin^3)/(df*Vf)... 
+A*dt*Tni*(bO*  le-l+bl  *  le-4*Tfm+b2*Tfin''2)/(df*  VO. . . 

■K  l-t)*dt*Pl(!)*(aO*  le-4+al  *  le-7*Tfin+a2*Tfhi''2)/(df*  VO; 
TmcaI=Tin+dl*(A*(cO+cl*Tfm+c2*Tfm''2)*(Tfin-Tin)+Pl(i)*t-... 
(inO+inl*Tm+m2*Tin^2)*(dO+dl*Tm+d2*Tin''2)*2*(Tm-Tpool))/... 

((gO+gl  •Tm+g2*Tm^2)*(dO-Kll  •Tm+<12*Tm^2)*Vm); 
Fl=l-A*dt*(bO*lc-l+2*bl*le-4*Tfin+3*b2*Tfm''2)/(df*VO... 

+A*<ll*Tm*(bl  •  le-4+2*b2*Tfm)/(df*  VO+dt*(l-t)*Pl(i)*(al  •  le-7+2*a2*T£m)/(df*V0; 
F2=A*dt*  le-1  •(Tm-Tfin)/(df*  VO; 

F3»A*dt*  le-4*(Tin*Tfin-Tfm^2)/(df»  VO; 

F4={l-trPl(i)*dl*le-4/(df»V0; 

F=[F1  F2  F3  F4;0  1  0  0;0  0  1  0;0  0  0  IJ; 

ifj=3001 

El=inv(F*F); 

j=0; 

else 

Ea=E*E*H*(inv(H’*E*H+  le-7))^H'*E; 

El=F*Ea*F; 

end 

E=E1; 

Tm=Tmcal; 

Tfin*Tfinl; 

ifi<100 

P»P+3.997e4; 

Pl(l+i)=P^.02*P*(I.2*rand); 

else 

P=4e6; 

Pl(l+i)=Pf.02*P*(l-2*rand); 

end 

end 
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Feedback  Reacrivity  -  Model  and  Actual 
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Feedback  Reactivity  •  Model 
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Estimated  Model  Parameters 
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Average  Model  Parameters 
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Reactor  Power 


xlO« 
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Moderator  Temperature  -  Model  and  Actual 
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12-1:1:3000. 

Ploi(t2/20.datain(t2,2).t2/20.daiam(t2.3).t2/20.datain(t2.4)) 

titleCEstimated  Model  Parameters') 

jiabeK'aO  bO  bl') 

xlabel(Time  (seconds)') 

prim('oc') 

Iriot(t2/20,b0avc(t2),t2/20.blave(t2).t2/20,a0ave(t2)) 

titleC Average  Model  Parameters') 

ylabelCaO  bO  bl’) 

xl^l(Time  (seconds)') 

print('oc') 

plot(t2/20.Tfrl(l.t2).t2/20.datam(t2.1)) 
titlefFuel  Tenqjerature  -  Model  and  Actual') 
ylabelCAve  Fuel  Tenqterature') 

)dabel(Time  (seconds)') 
imnt(’oe') 

[rfot(t2/20,Pl(t2)) 
titleCReactor  Power') 
ylabelCPower  -  watts') 
xlabeUTime  (seconds)') 
printCoe') 

plot(t2/20,reactfb(l.t2).t2/20.reactlbni(t2)) 
titleCFeedback  Reacti\it>  -  Model  and  Actual') 
ylabel('Reacti^it^  (Beta)') 
xlabelfTime  (seconds)') 
print('oc') 

plot(t2/20,reactftKn(t2)) 
title(Tee(Bnck  Reaction'  -  Model') 
ylabelCReactitity  (Beta)') 

•xlabeKTime  (seconds)') 
printCoe') 

lrfot(t2/20.Tma(t2),t2/20.Tm  l(t2)) 
titleCModerator  Temperature  -  Model  and  Actual') 
ylabelCAve  Mod  Temp') 
xlabeKTime  (seconds)') 
print('oe') 
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t2»l:  1:3000; 

Irio«t2/20.datain(t2.2),t2/20.datain(t2.3).t2/20.datam(t2,4)) 

titleCEstimated  Model  Parameters') 

ylabelCaO  bO  bl') 

xlabeUTime  (seconds)') 

pause 

I^ot(t2/20,b0ave(l2).t2/20>’  .ie(t2).t2y20,a0ave(t2)) 

tideC  Average  Model  Parameters') 

ylabelCaO  bO  bl') 

xlabelCTime  (seconds)') 

pause 

|dot(L’  20,Tfrl(l,t2).t2/20,datam(t2,l)) 
titleCFucl  Temperature  -  Model  and  Actual') 
yl^K'Ave  Fuel  Temperature') 
xlabel(Time  (seconds)') 
pause 

plot(t2/20.Pl(t2)) 
titleCReactor  Power') 
ylabelCPower  -  watts') 
xlabeUTime  (seconds)') 
pause 

Idot(t2/20.reactlb(  I.t2).t2/20.reactfbm(t2)) 
dtleCFeedbadc  Reactisin  -  Model  and  Actual') 
ylabel('Reacti\it>'  (Beu)') 
xlabeUTime  (seconds)') 
pause 

plot(t2.'20,reactfbm(t2)) 
titlefFeedback  Reacti\it>  •  Model') 
ylabeU'Reactivity  (Beta)') 
xlabel(Time  (seconds)') 
pause 

plot(t2/20.Tma(t2).t2/20.Tm  l(t2)) 
titleCModerator  Temperature  -  Model  and  Actual') 
ylabeU'Ave  Mod  Temp') 
xlabelCTiroe  (seconds)') 
pause 
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c  This  program  runs  the  heat  deposition  model  for  reacthit> 
c  using  a  specified  input  file  containing  time(s),  power(kW) 
c  inverse  kinetics  reacth'ity(millibeta).  transient  rod  bank 
c  heigth(units).  Formulation  is  for  the  ACRR. 
c 

C234567 - 

real  aO,  al,  bO,  bl,  b2,  cO,  cl,  c2,  dO,  dl.  d2,  gO.  gl,  g2.  mO 
ml,  m2,  Af.  df,  Vm,  C|Hn.  TM,  Tpool.  Tfint,  Put,  Dkib,  dl,  L 
@dm,  Vf,  Tfm.  htib.  invk,  Dkbal,  bound,  time,  OM,  Y,  I^est,  C»12 
@,HP1,  dev,  HP2,  a2.  Pin,  Tmcal,  Tfincal,  htitant,  b,  invkl,  invks 
real  F(4,4).  E(4.4),  X(4,l),  H(4,l),  HT(1,4),  OMl(4,l),  Ll(4.1) 
XHAT(4,1),  L(4,l).  HTE(1,4),  EP(4,4),  EA(4,4).  HTE1(1,4), 
@EA1(4.4).  FT(4,4),  FTF(4,4),  BB(4,4) 
logical  align 
Integer  rods,  R 

oommon/areal/aO,  al,  a2.  bO,  bl,  b2,  cO,  cl,  c2,  dO.  dl.  d2.  gO, 

@  gl,  g2.  mO,  ml,  m2,  Af.  df.  Vm,  Cpm,  TM,  Tpool,  Tfint,  Pwt,  dt, 
@  IMdb,  t.  dm,  Vf.  Tfm.  htib.  invk.  Dkbal.  bound,  time.  OM,  Y. 

(g,  Dkest  OM2,  HPl,  HP2.  de\\  pin,  Tmcal,  Tfmcal.  htibint 
common/area2/E.  X  R  HT.  OMl.  LI.  XHAT.  L.  HTE,  EP.  EA 
@  HTEl.  EAl,  FT,  FTF.  BB.  F 
c 

c  initialize  parameters 
c 

a0=9.8 

al=-4.0822 

a2=1.1773E-10 

b0=-19.0 

bl=54.8 

b2=-4.0805E-8 

cO=78.381 

cl=0.3393 

c2=-8.9181E-5 

d0=41898 

dl=-0.61063 

d2=0.0088811 

g0=1002.9 

gl=-0  1599 

g2=-0.0028345 

mO=-49.79 

ml  =2.9305 

m2=-0.0151 

Af“14.0 

df=3550.0 

Vm=0.045434752 

Cpm=4 182.0 

TM=20.0 

Tpool=20.0 

Tfint*23.0 

Pwr»2.57E3 

Dkfb=0.0 

<6=0.045 

t-6.3E-7 

dm=998.20323 
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V«).09866089 

Tfin“Tfint 

htrt>=3003.0 

hubint=3003.0 

iiivk=0.0 

l>kbal=0.0 

align=.false. 

bouncH).02 

tHxHind 

tinie=0.0 

F(l,l)=l-Af*dl*(b0*lE-l+2.0*bl*lE-t*Tfm+3.0*b2*Tfin**2)/(df*V0 

@+Af*dt*Tin*(bl*lE-4+2.0*b2*Tfm)/(df*Vf)+<ll*(U)*Pwr*(al*lE-7+ 

@2.0*a2*T£m)/(df*Vf) 

F(  1 ,2)»Af»dt*  lE-1  •(Tm'Tfin)/(df*  VO 

F(  l,3)=Af*dt*  lE-4*(Tm*Tfin-Tfm**2)/(df»  VO 

F(1,4)=(U)*P»T*A*  lE-4/(df*  VO 

F(2,l)=0.0 

F(2,2)=1.0 

F(2,3)=0.0 

F(2.4)=0.0 

F(3,l)=0.0 

F(3.2)=0.0 

F(3.3)=1.0 

F(3.4)=0.0 

F(4.1)=O.0 

F(4,2)=0.0 

F(4,3H).0 

F(4.4)=1.0 

call  Tiansinat(F.Fr,4.4) 
call  Matinult(FT.4,4,F,4,4.FTF) 

E(l,l)=1.0 

E(l,2H).OOOl 

E(1.3H).000025 

E(1.4)=^,000042 

E(2,1H)0001 

E(2.2)=1.0 

E(2.3)=0.0 

E(2.4)=0.0 

E(3.1H).(X)0025 

E(3,2)=0.0 

E(3.3)=1.0 

E(3,4)-0.0 

E(4,l)«^.000043 

E(4.2H).0 

E(4,3H).0 

E(4,4)=1.0 

invkl=invk 

100  iiivks*(invkl+iiivk)/2.0 

Dkest>^ali<]ate(iiivk,  invlcs,  Ucbal.b) 
print*,  time.  Dkest.  Tfin 
IF  (align)  THEN 
call  Estmodel 
end  IF 

call  AdMnodel 
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IXdb=reactfb(TfiEn,Tfint) 

Read  *,  time.  Pin.  R,  rods 
Pwr=Pin*lE3 
im’kl’nmlc 
imic=real(R)*0.00 1 
htib~ieal(rods) 

Dld)al==IMclb-reactr(htib)/100.(H-reactr(htibintyi00.0 
GOTO  100 
1000  end 
c 
c 

subroutine  Advmodel 
c 

common/areal/aO,  al,  a2,  bO,  bl,  b2,  cO,  cl,  c2,  dO,  dl,  d2,  gO, 

@  gl,  g2,  mO,  ml,  m2,  Af,  df,  Vm,  Cpm,  TM.  Tpool,  Tfint,  Pwt,  dt, 

@  Dl^,  t,  dm,  VC  Tfm,  htrb,  invk,  Dlcbal,  bound,  time,  (^,  Y, 

@  IMcest,  C^,  HPl,  HP2,  dev,  pin,  Tmcal.  Tlincal,  htibint 
common/area2/E(4.4).  X(4.1).  H(4.1).  HT(1.4).  (»41(4,1).  Ll(4,l) 

XHAT(4,1),  U4,l),  HTE(1.4),  EP(4,4),  EA(4,4).  irrEl(1.4), 

@EA1(4,4),  FT(4.4).  FTF(4,4),  BB(4,4),  F(4,4) 
c 

Tfincal=Tfin-Af*dt*(bO*  lE-1  •Tfin+bl*  lE-4*Tfm**2+b2*Tfin**3)/(df*Vf) 
@+Af»dt*Tm*(bO*  lE-l+bl  *  lE-4*Tfm-H)2*Tfin**2)/(df*  Vf)+(1  -t)*dt*PwT* 
@(a0*  lE-t+al*  lE-7*Tfin+a2*Tfm**2)/(df*  VO 
c  Tmcal=Tm+dt*(Af*(cO+c  1  *Tfin+c2*Tfm**2)*(Tfin-Tm)+PwT*t-(mO+m  1  *Tm+ 
c  @m2*Tm**2)*(dO+dl *Tm+d2*Tm**2)*2.0*(Tm-Tpool))/((go+gl •Tm-t-g2* 
c  @Tm**2)*(dO+dl*Tm+d2*Tm**2)*Vm) 

F(l,  l>=l-Af»dt*(bO*  lE-l+2.0*bl  •  le-4*Tfm+3.0*b2*Tfm**2)/(df*V0+ 

@Af*dt*Tm*(bl  •  lE-4+2.0*b2*Tfin)/(df»  V0+dt*(  1  -t)*PwT*(al  •  lE-7+2.0 

@*a2*Tfin)/(df*V0 

F(l,2)=Af»dt*lE-l*(Tm-Tfm)/(df*V0 

F(  1 ,3)=Af»dt*  lE-4*(Tm*Tfm.Tfm**2)/(df»  VO 

F(  1 ,4H  1  -t)*Pwr*dt*  lE-4/(df*  VO 

H(l,lH*3.85+730.0*Tfin/(273. 15+Tfin)**2-730.0/(273. 15+Tfm)- 
@730.0*Tfint/(273 . 1 5+Tfin)**2)*  lE-5/0.0073 
Hr(l,l)=H(l.l) 

caU  Matmult(HT,l,4,E,4,43rE) 
call  Matmult(HTE,1.4,R4,l,HPl) 

HP2=-1.0/(HPl+lE-7) 
call  Multscale(HTE,HTEl,HP2,l,4) 
caU  Matmult(H,4.1  jnEl,1.4,EP) 
call  Matmult(E,4,4f P,4,4XA) 
call  Addmat(E,EA,EAl,4,4) 
call  Transn]at(F,FT,4,4) 
call  Matmult(EAl,4,4.FT,4,4,FTF) 
call  Matmull(F,4,4,FTF,4,4,E) 

T&n»Tfincal 
c  Tm=Tmcal 
return 
end 
c 
c 

subroutine  Estmodel 
c 


207 


conunon/aital/aO,  al,  a2,  bO,  bl.  b2,  cO,  cl.  c2,  dO,  dl,  d2,  gO. 

@  gl,  g2,  mO,  ml,  in2,  Af.  df,  Vm,  Cpm,  TM,  Tpool,  Tfint,  Pwt,  dl, 
@  mb.  t  dm,  Vf  Tfin,  hub,  imlc,  Dkbal,  bound,  time,  Y, 

@  ttest,  C^.  HPl,  HP2,  de\',  pin.  Tmcal.  Tfincal.  htrtnnt 
common/area2/E(4,4),  X(4,l),  H(4,l).  HT(1,4),  0M1(4,1),  Ll(4,l) 
@,  XHAT(4,1)  U4,l),  HTE(1,4),  EP(4,4),  EA(4,4),  irrEl(l,4). 
@EA1(4.4),  FT(4,4),  FTF(4,4),  BB(4,4),  F(4,4) 

X(l.l)=Tfm 

X(2,l)=b0 

X(3,l)=bl 

X(4,l)-a0 

H(  1 , 1  H-3 .85+730. 0*Tfm/(273 . 1 5+Tftn)**2-730.0/(273 . 1 5+Tfin)- 
@730.0*Tfint/(273. 15+Tfm)**2)*  lE-5/0.0073 

H(2,1H).0 

H(3,1H).0 

H(4,l)=0.0 

Y=Dkest+reactr(hub)/100.0-reactr(hubinl)/100.0 

HTd,2)=0.0 

HTd,3)=0.0 

HTd.4H).0 

call  Matmult(E.4.4.H,4.1.0Ml) 
call  Maunult(HT,1.4.0Ml,4.1.0M) 

OMOM+lE-7 

C»42=1.0/OM 

call  Multscale(OM  1  .L.OM2,4. 1 ) 

dev=(Y-(Tfin-Tfint)*(-3 .85-(730.0/(273 . 1 5+Tftn)))*  lE-5/0.0073) 
call  Multscale(L.L  1  ,de\'.4, 1 ) 
call  Addmat(X,Ll,XHAT,4.1) 

Tfim=XHATd,l) 

bO=XHAT(2,l) 

bl=XHAT(3.1) 

aO=XHAT(4,l) 

return 

end 


subroutine  Addmat(A.B,C.N,M) 
c 

Integer  N,M.i  j 

real  A(N,M).  B(N,M).  C(N.M) 
Do  10,  i=l,N 
Do  10,j*l,M 
10  C(iJ)=A(iJ)+B(iJ) 
return 
end 
c 
c 

subroutine  Transmat(A.C.N.M) 
c 

Integer  N.M.i  J 
real  A(N.M).  C(N.M) 

Do  20,  i=l.N 
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Do20.j=l.M 
20  C(iJ)=A0.i) 

return 
end 
c 
c 

subroutiiie  Mu]tscaIe(A.C,b,N>f) 
c 

Integer  N,M.i  j 
realA(N,M),C(N,M).b 
Do30,i=l.N 
Do30,j=l.M 
30  C(ij)=b*A(iJ) 
return 
end 
c 
c 

subroutine  MatniuIt(A,N.M.B.M.k.C) 
c 

Integer  i.j.w.N,M.k 
real  A(N,M).  B(M,k).  C(N.k).  sum 
Do50.  i=l.N 
do50.j=l.k 
sum=0.0 
Do  40.  w=l,M 
sum=sum+A(i.w)*B(wj) 

40  continue 

C(ij)=sum 
50  continue 

return 
end 
c 
c 
c 

real  function  reactrfp) 
c 

real  p 

iffp.lt.  2031  )p=2031. 
if(p  gt.  7460.)  p=7460. 
if(p  .Ie.  2700.)  go  to  600 
if(p  .le.  3100.)  go  to  605 
if(p.le.  3300.)  go  to  610 
il(p  .le.  3500.)  go  to  615 
iltp.le.  3700.)  go  to  620 
if(p  .le.  3900.)  go  to  625 
ifl[p.le.4100.)goto630 
if((p  le.  4300.)  go  to  635 
if(p  .le.  4500.)  go  to  640 
if(p  .Ie.  4700.)  go  to  645 
ifl[p  .le.  4900.)  go  to  650 
iftp  .Ie.  5100.)  go  to  655 
if(p  .le.  5300.)  go  to  660 
if(p  .le.  5500.)  go  to  665 
iflp  .le.  5700.)  go  to  670 
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ifKp  le.  5900.)  go  to  675 
if^  .le.  6100.)  go  to  680 
if(p  .le.  6300.)  go  to  685 
if^.le.6700.)goto690 
ifl[p  .le.  7100.)  go  to  695 
if(p.le.7500.)goto700 
go  to  705 

600  rcactr*-0.016143*pf472.985693 
return 

605  reacti=-0.049250*p^-562.375 
return 

610  rcacti=-0.0765*p+M6.85 
return 

615  reactr=M).091*p+694.7 
return 

620  rcactr=-0.1005*p+727.9 
return 

625  reactr=-0.1085*p+-757.5 
return 

630  ieactr=-0.1225*p+-812.15 
return 

635  reactr=M).125*p+822.4 
return 

640  reactr=-0.1305*p^-846.05 
return 

645  reactr=-0.1295*i>^-841.55 
return 

650  tcactr=-0.1295'*p+841.55 
return 

655  reactrM).122*p+804.8 
return 

660  reactr=-0.120*p+-794.6 
return 

665  reactr=^).110*p+741.6 
return 

670  rcactr=-0.1065V722.35 
return 

675  reactrM).0%5*p+665.35 
return 

680  reactr-M).097*p+668.3 
return 

685  reactrM).076*p+540.2 
return 

690  reactr*M).06575*|>f475.625 
return 

695  reactP*-0,04725*p^-35 1.675 
return 

700  reactr«-0.028*pf215.0 
return 

705  reactrM).00333*pf30.0 
return 
end 

c 

c 
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real  function  teactib(T.TIN) 
c 

real  TJIN.TK 
TK=T+273.15 

reactfb=(T-TrN)*(-3.85-730.0/TK)*  1  E-5/0.0073 
return 
end 
c 
c 

real  function  validate(ma.inb,mc,b) 
c 

real  m(3),  N(3),  PAR,  TEST.  m2(2),  N2(2),b 

real  ina,mb.mc 

integer  i,k 

m(l)=ma 

in(2)=nib 

in(3)=inc 

Do  10.  i=1.3 

N(i)= ABS(m(i)-(ni(  I  )+m(  2)+ni(3  ))/3 .0) 

10  continue 

TEST={8  0/3.0)*((m(  l)*b)**2) 
PAR=abs(N(l)**2+N(2)**2+N(3)**2-{9.0*N(l)**2)/2.0) 
ifiT^AR  It.  TEST)  THEN 
validate=(m(  1  )+m(2)+ni(3))/3.0 
go  to  100 
end  if 

if(N(l)  .gt.  N(2))  THEN 
if{N(l)  gt.  N(3))  THEN 
m2(l)=m(2) 
m2(2)=m(3) 
else 

in2(l)=in(l) 
m2(2)=m(2) 
end  if 
else 

if(N(2)  .gt.  N(3))  THEN 
m2(l)=m^l) 
m2(2)=m(3) 
else 

in2(l)=m(l) 
m2(2)=m(2) 
end  if 
end  if 

Do40,k=l,2 

N2(k)=abs(m2(k)-(in2(  1  )+m2(2))/2.0) 

40  continue 

TEST=2.0*((b*m(l))**2) 
PAR=abs(N2(l)**2+N2(2)**2-4.0*N2(l)**2) 
if(PAR  It.  TEST)  THEN 
validate=Kin2(  1  )+in2(2))/2 .0 
go  to  100 
else 

\’alidate=ni(l) 
end  if 
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100  return 
end 


a©,  ai.  a2 

bo,  bj,  b2 

Co,  Ci,C2 

do.  di,  d2 

So,  Si,  S2 

iHo,  mi,  m2 

Af 

df 


FORTRAN  Code  Variables  for  Modd  Implimcntation 

Polynomial  coefficient  for  a  second  order  polynomialrepresnting  the  inverse 
of  the  foel  specific  heat  capacity. 

Polynomial  coefficients  for  a  second  order  Polynomial  representing  the 
overall  fod  to  coolant  heat  transfer  coefficient  divided  by  the  fuel  specific 
heat  capacity. 

Polynomial  coefficients  for  a  second  order  Polynomial  representing  the 
overall  fuel  to  coolant  heat  transfer  coefficient. 

Polynomial  coefficients  for  a  second  order  polynomial  the  moderator 
specific  heat  capacity. 

Polynomial  coefficients  for  a  second  order  polynomial  representing  the 
moderator  density  (Main,  Advmodel,  Estmodel). 

Polynomial  coefficients  for  a  second  order  polynomial  representing  the 
moderator  mass  flow  rate. 

fuel  to  coolant  heat  transfer  surface  area. 

fuel  density 
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Cpm 

Tpool 

Tfint 

PWR 

DKfb 

dt 

t 

Vf 

Tfin 


Volume  of  moderator  within  the  core. 

Specific  heat  capacity  of  moderator. 

Moderator  average  temperature. 

Reactor  pool  temperature. 

Initial  fud  temperature. 

Reactor  Power 

Thermal  feedback  reactivity. 

Sample  time 

Percentage  of  fission  power  deposition  in  the  coolant  due  to  gamma 
heating 

Fud  volume. 

Fud  temperature  as  perdicted  by  thermal  model. 
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htrb 

invk 

DKbal 

bound 

time 

OM 

Y 

DKest 

dev 

Pin 

Tmcal 


Transient  rod  bank  position. 

Reactivity  calculated  via  Inverse  Kinetics. 

Reactivity  calculated  via  reactivity  balance. 

Percentage  error  bound  of  reactivity  signals  for  use  in  signal  validation. 
Elapsed  time  since  start  of  transient. 

Value  used  in  calculation  of  estimation  routine  Kalman  gain. 

Estimation  routine  value  of  actual  reactor  reactivity  equal  to  the  validated 
reactivity  signal. 

Value  of  the  validated  reacivhy  signal. 

Estimation  routine  value  of  innovation  equal  to  the  difference  between 
actual  and  estimated  reactivity. 

Initial  reactor  power. 

Perdicted  moderator  temperature  for  next  time  step. 
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htrbint  Initial  position  of  transient  rod  bank. 

b  Percentage  error  bound  of  reactivity  signals  for  use  in  signal  validation. 

Invkl  Inverse  Kinetics  reactivity  from  previous  step  inverse  kinetics  reactivity. 

F  Linearized  system  matrix  for  model  parameter  estimation. 

F*  Transpose  of  matrix  F. 

E  System  error  covariance  matrix  for  model  parameter  estimation. 

X  Present  value  of  model  fuel  temperature,  and  model  thermal  parameter 

coefficients  bg,  b|,  and  aQ. 

H  System  descriptive  matrix. 

HT  Transpose  of  matrix  H. 

R  Interger  value  of  input  inverse  kinetics  reactivity  as  read  from  input  file. 

XHAT  Estimation  values  of  fuel  temperature,  and  model  thermal  parameter 
coefficients,  bo,  bj, 
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L 

Align 

A3,C,N>1 

P 

T 

Tin 

TK 

Mj),  Mg 

PAR 

Test 


Matrix  representing  Kalman  estimation  gain. 

Logical  varible  used  to  determine  it  estimation  routine  should  be  used 
True  =  Estimate  new  model  parameter  coefficients. 

False  =  Use  present  values  of  model  coefficients. 

Matrix  values  used  in  matrix  math  routines. 

Dummy  variable  for  transient  rod  position  in  reactivity  function  reactor. 
Dummy  variable  for  fuel  temperature  in  reactivity  function  reacfb. 
Dummy  variable  for  initial  fuel  temperature  in  reactivity  function  reacfb. 
Fuel  temperature  (°K) 

Measured  reactivity  values  in  reacivity  validation  routine. 

Value  of  parity  vector  magnitude  for  a  reactivity  measurement. 
Consisting  threshold  for  parity  test  during  reactivity  signal  validation. 
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M(  I  ),M(2),M(3)  Measured  reactivity  values  in  reacivity  validation  routine. 

OM2,  HPI,  HP2,  HTE,  EP,  EA,  HTE,  EAl,  FTP,  BB  are  scalar  and  matrix  variables  used 
as  intermediate  values  during  parameter  calculation. 
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0.04 

2.70 

25 

3004 

0.09 

2.80 

50 

3005 

0.13 

2.93 

127 

3006 

0.17 

3.02 

149 

3025 

0.22 

2.58 

-16 

3082 

0.25 

2.59 

-1 

3102 

0.3 

3.5 

277 

3129 

0.33 

3.12 

156 

3154 

0.38 

3.23 

195 

3154 

0.42 

3.22 

185 

3166 

0.47 

3.11 

153 

3190 

0.5 

3.48 

254 

3225 

0.53 

3.72 

295 

3255 

0.58 

2.97 

90 

3289 

0.63 

4.99 

492 

3319 

0.67 

3.83 

267 

3346 

0.7 

4.08 

341 

3344 

0.75 

3.89 

296 

3359 

0.8 

3.85 

286 

3388 

0.83 

5.65 

543 

3418 

0.87 

4.48 

352 

3443 

0.92 

4.39 

358 

3445 

0.97 

4.26 

331 

3457 

1 

4.28 

332 

3487 

1.05 

4.74 

401 

3517 

1.08 

5.43 

480 

3549 

1.13 

6.51 

562 

3593 

1.17 

6  14 

510 

3613 

1.22 

6.77 

562 

3642 

1.25 

6.48 

522 

3675 

1.3 

7.67 

605 

3704 

1.33 

849 

636 

3736 

1.38 

9.69 

675 

3766 

1.42 

8.86 

615 

3798 

1.47 

10.83 

698 

3832 

1.5 

11.3 

694 

3865 

1.55 

12.24 

712 

3899 

1.58 

13.59 

736 

3929 

1.63 

17.37 

794 

3971 

1.68 

22.23 

833 

3983 

1.72 

21.48 

7% 

4000 

1.77 

27.27 

848 

4008 

1.8 

29.05 

838 

4015 

1.85 

34.5 

861 

4020 

1.88 

31.1 

809 

4023 

1.93 

35.06 

838 

4027 

1.98 

42.63 

862 

4035 

2.02 

43.36 

842 

4037 

2.07 

52.93 

873 

4042 

2.1 

5863 

873 

4045 

2.15 

57.39 

849 

4047 

2.18 

68  13 

878 

4042 

2.23 

64.7 

842 

4027 

2.27 

74.12 

865 

4043 
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2.32 

82.38 

866 

4040 

2.35 

87.86 

862 

4030 

2.4 

88.8 

849 

4035 

2.45 

95.71 

852 

4035 

2.48 

107.16 

863 

4030 

2.53 

118.76 

865 

4030 

2.58 

106.9 

821 

4030 

2.62 

117.27 

840 

4025 

2.67 

120.83 

831 

4027 

2.7 

122.16 

820 

4025 

2.75 

147.35 

854 

4027 

2.8 

164.99 

857 

4032 

2.83 

166.14 

839 

4030 

2.88 

181.68 

850 

4030 

2.92 

200.95 

857 

4018 

2.97 

197.24 

835 

4025 

3.02 

230.9 

859 

4023 

3.05 

193.27 

786 

4025 

3.1 

223.55 

833 

4025 

3.13 

239.3 

832 

4025 

3.18 

271.69 

847 

4025 

3.23 

288.01 

841 

4027 

3.27 

328.78 

859 

4030 

3.32 

354.94 

855 

4030 

3.35 

390.74 

862 

4035 

3.4 

370.11 

832 

4030 

3.45 

432.1 

857 

4030 

3.48 

436.49 

838 

4030 

3.53 

482.29 

851 

4032 

3.57 

483.75 

834 

4032 

3.62 

447.24 

805 

4025 

3.67 

508.3 

831 

4023 

3.7 

595.81 

854 

4037 

3.75 

582.91 

827 

4035 

3.78 

717.44 

868 

4037 

3.83 

739.89 

849 

4037 

3.88 

779.94 

846 

4037 

3.92 

818 

842 

4035 

3.97 

882.66 

847 

4037 

4 

837.31 

815 

4037 

4.05 

973.96 

848 

4040 

4.1 

1062.97  847 

4035 

4.13 

1051.06  826 

4040 

4.18 

1135.26  837 

4045 

4.23 

1307.45  853 

4042 

4.27 

1407.67  851 

4047 

4.32 

1436.18  841 

4045 

4.37 

1436.59  827 

4045 

4.4 

1538.31  833 

4042 

4.45 

1649.69  835 

4047 

4.5 

1733.55  831 

4050 

4.53 

1998.42  854 

4052 

4.58 

2010.3 

834 

4060 

4.63 

2107.71  832 

4055 
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4.67 

2305.83  841 

4060 

4.72 

2387.47  833 

4060 

4.77 

2579.94  837 

4067 

4.8 

2659.68  829 

4067 

4.85 

2851.86  835 

4067 

4.9 

3021.09  832 

4069 

4.93 

3196.9  832 

4072 

4.98 

3358.07  831 

4074 

5.03 

3497.26  826 

4077 

5.07 

3570.52  817 

4074 

5.12 

3651.1  813 

4074 

5.17 

3687.73  803 

4072 

5.2 

3717.03  793 

4064 

5.25 

3746.33  788 

4064 

5.28 

3775.64  779 

4060 

5.33 

3826.92  776 

4062 

5.38 

3922.15  772 

4052 

5.42 

3980.76  766 

4062 

5.47 

4039.36  762 

4062 

5.5 

4046.69  753 

4060 

5.55 

4090.64  750 

4060 

5.58 

4083.32  739 

4055 

5.63 

4105.29  735 

4055 

5.68 

4127.27  728 

4055 

5.72 

4163.9  723 

4055 

5.77 

4149.25  715 

4052 

5.8 

4200.53  712 

4050 

5.85 

4163.9  703 

4050 

5.88 

4149.25  694 

4045 

5.93 

4149.25  690 

4047 

5.98 

4149.25  683 

4047 

6.02 

4149.25  676 

4042 

6.07 

4134.6  670 

4047 

6.1 

4127.27  662 

4(M2 

6.15 

4119.94  658 

4042 

6.2 

4083.32  648 

4037 

6.23 

4083.32  642 

4035 

6.28 

4039.36  634 

4032 

6.33 

4039.36  629 

4032 

6.37 

4002.73  619 

4030 

6.42 

3973.43  613 

4027 

6.45 

3973.43  608 

4030 

6.5 

3980.76  606 

4032 

6.55 

4017.38  605 

4030 

6.58 

3995.41  597 

4032 

6.63 

3973.43  591 

4030 

6.67 

3973.43  587 

4030 

6.72 

3973.43  584 

4032 

6.77 

3973.43  579 

4030 

6.8 

3966.1  574 

4032 

6.85 

3988.08  574 

4032 

6.88 

3958.78  565 

4032 

6.93 

3929.48  559 

4027 

6.97 

3922.15  554 

4025 
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7.02 

3922.15  552 

4032 

7.07 

3944.13  551 

4035 

7.1 

3966.1  550 

4037 

7.15 

3958.78  545 

4040 

7.18 

3966.1  543 

4040 

7.23 

3995.41  544 

4052 

7.28 

3995.41  539 

4045 

7.32 

3995.41  535 

4045 

7.37 

4017.38  535 

4047 

7.4 

3988.08  527 

4050 

7.45 

3973.43  523 

4047 

7.5 

4002.73  524 

4050 

7.53 

4002.73  519 

4055 

7.58 

4010.06  518 

4057 

7.63 

4010.06  514 

4055 

7.67 

4010.06  510 

4057 

7.72 

4039.36  512 

4062 

7.75 

4002.73  503 

4062 

7.8 

4017.38  503 

4072 

7.83 

4002.73  497 

4069 

7.88 

3988.08  493 

4072 

7.93 

3988.08  490 

4069 

7.97 

3988.08  487 

4067 

8.02 

3980.76  484 

4067 

8.07 

3980.76  481 

4069 

8.1 

3995.41  480 

4072 

8.15 

3995.41  478 

4069 

8.18 

3988.08  473 

4077 

8.23 

4002.73  474 

4077 

8.28 

3995.41  469 

4073 

8.32 

3995.41  466 

4079 

8.37 

4017.38  468 

4082 

8.4 

3980.76  459 

4077 

8.45 

3973.43  456 

4084 

8.48 

3958.78  451 

4084 

8.53 

3958.78  450 

4092 

8.58 

3973.43  450 

4087 

8.62 

3966  1  445 

4089 

8.67 

4010.06  451 

4092 

8.7 

3951.45  438 

4092 

8.75 

4002.73  445 

4097 

8.8 

3973.43  437 

4099 

8.83 

3951.45  431 

4102 

8.88 

3966.1  433 

4104 

8.93 

3995.41  435 

4102 

8.97 

3966.1  427 

4106 

9.02 

3980.76  428 

4109 

9.05 

3958.78  422 

4111 

9.1 

3966.1  422 

4113 

9.13 

3944.13  416 

4116 

9.18 

3951.45  416 

4116 

9.23 

3973.43  417 

4119 

9.27 

3973.43  414 

4126 

9.32 

3995.41  416 

4126 
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9.35 

3958.78  407 

4126 

9.4 

3966.1  408 

4129 

9.45 

3966.1  406 

4131 

9.48 

3980.76  406 

4134 

9.53 

3980.76  404 

4136 

9.58 

3951.45  397 

4136 

9.62 

3944.13  394 

4139 

9.67 

3951.45  394 

4131 

9.7 

3966.1  394 

4143 

9.75 

3951.45  390 

4148 

9.78 

3922.15  383 

4151 

9.83 

3958.78  389 

4151 

9.88 

3980.76  390 

4151 

9.92 

3980.76  388 

4158 

9.97 

4002.73  390 

4163 

10 

4002.73  388 

4166 

10.05 

3988.08  384 

4168 

10.1 

4024.71  388 

4171 

10.13 

4002.73  381 

4173 

10.18 

3995.41  379 

4173 

10.23 

3980.76  375 

4176 

10.27 

3973.43  372 

4176 

10.32 

3966.1  369 

4173 

10.35 

3973.43  369 

4183 

10.4 

3936.8  361 

4188 

10.45 

3966  1  365 

4193 

10.48 

3980.76  366 

4190 

10.53 

3973.43  363 

4195 

10.57 

3973.43  361 

4198 

10.62 

3944.13  355 

4198 

10.67 

3951.45  355 

4203 

10.7 

3980.76  359 

4205 

10.75 

3973.43  356 

4210 

10.8 

3973.43  354 

4205 

10.83 

3980.76  354 

4213 

10.88 

3980.76  352 

4218 

10.92 

3980.76  351 

4220 

10.97 

3951.45  344 

4220 

11.02 

3973.43  347 

4225 

11.05 

3988.08  348 

4218 

11.1 

3980.76  345 

4232 

11.15 

3980.76  344 

4245 

11.18 

3988.08  343 

4237 

11.23 

3995.41  344 

4240 

11.27 

3988.08  340 

4245 

11.32 

3980.76  338 

4242 

11.37 

3988.08  338 

4250 

11.4 

3988.08  336 

4252 

11.45 

3988.08  335 

4255 

11.5 

4032.04  342 

4257 

11.53 

4010.06  335 

4257 

11.58 

3988.08  331 

4262 

11.62 

3988  08  330 

4267 

11.67 

4002.73  331 

4262 
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11.72 

4032.04  335 

4274 

11.75 

4002.73  327 

4265 

11.8 

4032.04  332 

4274 

11.85 

3995.41  324 

4282 

11.88 

4010.06  326 

4282 

11.93 

3995.41  321 

4292 

11.97 

3995.41  320 

4292 

12.02 

4024.71  325 

4292 

12.07 

4010.06  320 

4296 

12.1 

3995.41  316 

42% 

12.15 

3988.08  314 

4301 

12.18 

3995.41  315 

4304 

12.23 

3966.1  308 

4306 

12.28 

4010.06  316 

4311 

12.32 

4002.73  312 

4314 

12.37 

4002.73  311 

4314 

12.42 

3995.41  309 

4319 

12.45 

3980.76  305 

4324 

12.5 

3980.76  304 

4324 

12.55 

3958.78  299 

4329 

12.58 

3988.08  304 

4331 

12.63 

3980.76  301 

4338 

12.67 

3973.43  299 

4336 

12.72 

3995.41  302 

4346 

12.77 

3995.41  301 

4341 

12.8 

3995.41  299 

4348 

12.85 

3988.08  297 

4348 

12.88 

3988.08  2% 

4353 

12.93 

3988.08  295 

4356 

12.98 

4002.73  297 

4361 

13.02 

4002.73  2% 

4366 

13.07 

4002.73  295 

4368 

13.12 

4002.73  294 

4371 

13.15 

3995.41  291 

4373 

13.2 

3995.41  291 

4378 

13.25 

4017.38  294 

4380 

13.28 

3995.41  288 

4385 

13.33 

4002.73  289 

4388 

13.37 

3988.08  285 

4390 

13.42 

3944.13  276 

4395 

13.47 

3995.41  286 

4393 

13.5 

4010.06  287 

4400 

13.55 

4002.73  284 

4408 

13.58 

4002.73  283 

4410 

13.63 

3995.41  281 

4410 

13.68 

3980.76  277 

4415 

13.72 

4010.06  283 

4415 

13.77 

4010.06  281 

4420 

13.82 

4017.38  282 

4425 

13.85 

4002.73  277 

4425 

13.9 

3995.41  276 

4425 

13.93 

4002.73  276 

4432 

13.98 

4002.73  275 

4430 

14.03 

4010.06  276 

4440 
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14.07 

4010.06  275 

4442 

14.12 

3988.08  270 

4445 

14.17 

3980.76  268 

4447 

14.2 

4002.73  272 

4452 

14.25 

4002.73  270 

4454 

14.3 

4017.38  272 

4462 

14.33 

4046.69  277 

4462 

14.38 

3995.41  266 

4464 

14.42 

3995.41  265 

4464 

14.47 

3995.41  265 

4462 

14.52 

4010.06  267 

4472 

14.55 

3995.41  263 

4477 

14.6 

3980.76  259 

4477 

14.65 

3995.41  262 

4477 

14.68 

3995.41  261 

4484 

14.73 

3980.76  257 

4489 

14.77 

4002.73  261 

4491 

14.82 

4010.06  262 

4496 

14.87 

4010.06  261 

4499 

14.9 

4002.73  258 

4506 

14.95 

4024.71  262 

4506 

15 

4010.06  258 

4509 

15.03 

3995.41  254 

4509 

15.08 

4002.73  256 

4514 

15.12 

4017.38  258 

4516 

15.17 

3995.41  252 

4516 

15.22 

3995.41  252 

4524 

15.25 

3995.41  251 

4528 

15.3 

4010.06  254 

4528 

15.35 

4002.73  251 

4533 

15.38 

4017.38  253 

4536 

15.43 

3995.41  248 

4538 

15.47 

3980.76  244 

4541 

15.52 

3958.78  240 

4546 

15.57 

4002.73  249 

4548 

15.6 

4002.73  247 

4553 

15.65 

4017.38  250 

4558 

15.7 

4010.06  247 

4561 

15.73 

3966.1  237 

4563 

15.78 

4002.73  245 

4563 

15.83 

4010.06  245 

4570 

15.87 

3995.41  241 

4573 

15.92 

4002.73  243 

4573 

15.97 

4010.06  243 

4575 

16 

4010.06  243 

4580 

16.05 

4010.06  242 

4583 

16.1 

4010.06  241 

4588 

16.13 

4002.73  239 

4590 

16.18 

3995.41  237 

4593 

16.22 

3973.43  232 

4598 

16.27 

3988  08  235 

4600 

16.32 

4017.38  240 

4605 

16.35 

4010.06  237 

4607 

16.4 

4017  .38  239 

4610 

16.4S 

4017.38  238 

4617 

16.48 

4002.73  234 

4615 

16.53 

3980.76  229 

4615 

16.58 

3980.76  229 

4620 

16.62 

3988.08  230 

4625 

16.67 

4002.73  232 

4625 

16.72 

4002.73  232 

4630 

16.75 

3995.41  229 

4622 

16.8 

3995.41  229 

4637 

16.85 

4017.38  233 

4642 

16.88 

4010.06  230 

4644 

16.93 

3988.08  225 

4644 

16.97 

4010.06  230 

4649 

17.02 

4017.38  231 

4652 

17.07 

4010.06  228 

4659 

17.1 

4010.06  228 

4659 

17.15 

4002.73  226 

4662 

17.2 

4024  71  230 

4664 

17.23 

4024.71  229 

4669 

17.28 

4024.71  228 

4672 

17.33 

4010.06  224 

4677 

17.37 

4010.06  224 

4677 

17.42 

4010.06  224 

4679 

17.47 

4017.38  224 

4684 

17.5 

3995.41  219 

4686 

17.55 

4002.73  221 

4689 

17.6 

4002.73  220 

4694 

17.63 

4010.06  221 

4696 

17.68 

4010.06  220 

4696 

17.72 

3995.41  217 

46% 

17.77 

3995.41  217 

4699 

17.82 

4002.73  218 

4706 

17.85 

3988.08  214 

4704 

17.9 

3995.41  215 

4711 

17.95 

4002.73  216 

4714 

17.98 

3966.1  207 

4716 

18.03 

4002.73  216 

4716 

18  08 

3988.08  212 

4726 

18.12 

3988.08  211 

4723 

18.17 

3988.08  211 

4726 

18.22 

4002.73  214 

4726 

18.25 

3988.08  210 

4736 

18.3 

3988.08  210 

4736 

18.35 

4010.06  214 

4738 

18.38 

4017.38  214 

4733 

18.43 

4010.06  212 

4746 

18.47 

4010.06  212 

4746 

18.52 

4010.06  211 

4751 

18.57 

4002.73  209 

4746 

186 

3995.41  207 

4758 

18.65 

4017.38  212 

4761 

18.7 

4024.71  212 

4753 

18.73 

4039.36  215 

4765 

18.78 

4032.04  213 

4768 

226 


18.83 

4024.71  210 

4770 

18.87 

4024.71  210 

4775 

18.92 

4032.04  211 

4775 

18.97 

4039.36  212 

4778 

19 

4017.38  206 

4780 

19.05 

4010.06  205 

4780 

19.08 

4002.73  203 

4780 

19.13 

3995.41  201 

4785 

19.18 

4010.06  204 

4788 

19.22 

4010.06  203 

4790 

19.27 

4002.73  201 

4795 

19.32 

4024.71  206 

4795 

19.35 

4010.06  202 

4798 

19.4 

4017.38  203 

4800 

19.45 

4010.06  201 

4810 

19.48 

4010.06  20] 

4805 

19.53 

4017.38  202 

4807 

19.58 

4010.06  200 

4810 

19.62 

4010.06  199 

4812 

19.67 

4010.06  199 

4815 

19.72 

4024.71  202 

4820 

19.75 

4010.06  198 

4822 

19.8 

4024.71  201 

4822 

19.83 

4039.36  203 

4827 

19.88 

4039.36  203 

4827 

19.93 

4054.01  205 

4832 

19.97 

4046.69  203 

4835 

20.02 

4039.36  201 

4835 

20.07 

4039.36  200 

4835 

20.1 

4024.71  196 

4837 

20.15 

4039.36  200 

4842 

20.2 

4024.71  196 

4844 

20.23 

4032.04  197 

4844 

20.28 

4046.69  200 

4849 

20.33 

4010.06  191 

4849 

20.37 

4024.71  194 

4852 

20.42 

4024.71  194 

4854 

20.47 

4010.06  190 

4849 

20.5 

4010.06  190 

4857 

20.55 

4024.71  193 

4859 

20.58 

4039.36  196 

4862 

20.63 

4039.36  195 

4864 

20.68 

4046.69  196 

4867 

20.72 

4075.99  202 

4867 

20.77 

3988.08  181 

4869 

20.82 

3973.43  179 

4869 

20.85 

3966.1  178 

4867 

20.9 

3988.08  183 

4869 

20.93 

3980.76  180 

4872 

20.98 

3980.76  180 

4879 

21.03 

4010.06  186 

4879 

21.07 

3980.76  179 

4879 

21.12 

3995.41  183 

4894 

21.17 

3966.1  176 

4881 

227 


21.2 

3966.1  176 

4889 

21.25 

3944.13  171 

4889 

21.28 

3980.76  180 

4889 

21.33 

3995.41  182 

4891 

21.38 

4002.73  183 

4899 

21.42 

3988.08  179 

4901 

21.47 

3973.43  176 

4896 

21.52 

3973.43  176 

4906 

21.55 

3966.1  174 

4906 

21.6 

3995.41  180 

4906 

21.65 

3980.76  176 

4906 

21.68 

3988.08  178 

4914 

21.73 

3980.76  176 

4914 

21.78 

4024.71  185 

4918 

21.82 

4010.06  181 

4921 

21.87 

4024.71  184 

4923 

21.9 

4002.73  178 

4923 

21.95 

4010.06  180 

4926 

22 

4010.06  180 

4931 

22.03 

4010.06  179 

4933 

22.08 

4017.38  180 

4933 

22.13 

4010.06  178 

4936 

22.17 

3995.41  175 

4936 

22.22 

4017.38  180 

4938 

22.25 

4002.73  175 

4941 

22.3 

4010.06  177 

4941 

22.35 

4024.71  180 

4946 

22.38 

4010.06  176 

4948 

22.43 

4010.06  176 

4948 

22.48 

3980.76  169 

4951 

22.52 

3995.41  173 

4951 

22.57 

3980.76  169 

4955 

22.62 

3995.41  172 

4958 

22.65 

4010.06  175 

4960 

22.7 

4010.06  174 

4960 

22.75 

3995  41  171 

4%3 

22.78 

3995.41  170 

4%3 

22.83 

4024.71  177 

4965 

22.87 

4002.73  171 

4968 

22.92 

4010.06  173 

4970 

22.97 

3980.76  166 

4973 

23 

3995.41  169 

4973 

23.05 

4002.73  170 

4978 

23.1 

4002.73  170 

4978 

23.13 

3966.1  161 

4983 

23.18 

4002.73  170 

4983 

23.22 

3995.41  167 

4985 

23.27 

3995.41  167 

4990 

23.32 

4032.04  175 

4990 

23.35 

3995.41  166 

4993 

23.4 

3988.08  165 

4983 

23.45 

3995.41  166 

4997 

23.48 

3980.76  162 

4990 

23.53 

3988.08  164 

5000 

228 


23.58 

3995.41 

165 

5015 

23.62 

4002.73 

167 

5005 

23.67 

3988.08 

163 

5005 

23.7 

3980.76 

161 

5007 

23.75 

3995.41 

165 

5012 

23.8 

3980.76 

161 

5015 

23.83 

3988.08 

162 

5015 

23.88 

3995.41 

164 

5017 

23.93 

3980.76 

160 

5020 

23.97 

3995.41 

163 

5022 

24.02 

3995.41 

163 

5025 

24.07 

3988.08 

161 

5030 

24.1 

4002.73 

164 

5032 

24.15 

4010.06 

165 

5037 

24.18 

4002.73 

163 

5034 

24.23 

4002.73 

163 

5049 

24.28 

4017.38 

166 

5042 

24.32 

3988.08 

158 

5039 

24.37 

4002.73 

162 

5047 

24.42 

4002.73 

162 

5047 

24.45 

4002.73 

161 

5049 

24.5 

3995.41 

159 

5049 

24.55 

4002.73 

161 

5054 

24.58 

3988  08 

157 

5057 

24.63 

399541 

159 

5057 

24.68 

3951.45 

148 

5059 

24.72 

3980.76 

156 

5062 

24.77 

3973.43 

153 

5062 

24.8 

3988.08 

157 

5067 

24.85 

3995.41 

158 

5067 

24.9 

3988.08 

156 

5079 

24.93 

3995  41 

157 

5076 

24.98 

3995.41 

157 

5074 

25.03 

3995.41 

157 

W79 

25.07 

4039.36 

167 

5081 

25.12 

4010.06 

159 

5086 

25.17 

3995.41 

155 

5084 

25.2 

3980.76 

152 

5086 

25.25 

4010.06 

159 

5086 

25.28 

3995.41 

154 

5081 

25.33 

3980.76 

151 

5091 

25.38 

4002.73 

156 

50% 

25.42 

3980.76 

150 

50% 

25.47 

4002.73 

156 

5101 

25.5 

4010.06 

157 

5101 

25.55 

3995.41 

153 

5106 

25.6 

3973.43 

148 

5109 

25.63 

3973.43 

148 

5111 

25.68 

4010.06 

156 

5113 

25.73 

4010.06 

156 

5116 

25.77 

4002.73 

153 

5104 

25.82 

4010.06 

155 

5118 

25.87 

4002.73 

153 

5123 

25.9 

4010.06 

154 

5126 

229 


25.95 

3973.43  146 

5128 

26 

4002.73  153 

5131 

26.03 

3995.41  150 

5133 

26.08 

4010.06  154 

5136 

26.13 

4032.04  158 

5136 

26.17 

4010.06  152 

5141 

26.22 

4032.04  157 

5146 

26.25 

4010.06  152 

5143 

26.3 

4010.06  152 

5146 

26.35 

4017.38  153 

5150 

26.38 

4010.06  151 

5153 

26.43 

4002.73  149 

5153 

26.48 

3995.41  147 

5155 

26.52 

4002.73  149 

5158 

26.57 

4010.06  150 

5160 

26.62 

4032.04  155 

5163 

26.65 

4017.38  151 

5165 

26.7 

3988.08  144 

5168 

26.73 

4002.73  148 

5163 

26.78 

3995.41  146 

5175 

26.83 

4039.36  156 

5173 

26.87 

4024.71  151 

5178 

26.92 

4024.71  151 

5178 

26.97 

4002.73  146 

5180 

27 

4017.38  149 

5180 

27.05 

4002.73  145 

5180 

27.1 

4010.06  147 

5183 

27.13 

4002.73  145 

5190 

27.18 

4002.73  145 

5187 

27.22 

3995.41  143 

5187 

27.27 

4002.73  145 

5187 

27.32 

3995.41  143 

5192 

27.35 

4017.38  148 

5197 

27.4 

4024.71  149 

5200 

27.45 

3995.41  141 

5200 

27.48 

3995.41  142 

5202 

27.53 

3995.41  142 

5205 

27.58 

4039.36  151 

5202 

27.62 

3980.76  136 

5207 

27.67 

3973.43  136 

5207 

27.7 

3973.43  136 

5205 

27.75 

3966.1  134 

5210 

27.8 

3958.78  132 

5210 

27.85 

3973.43  136 

5215 

27.88 

3958.78  132 

5220 

27.93 

3958.78  132 

5220 

27.97 

3966.1  134 

5225 

28.02 

3944.13  129 

5227 

28.07 

3973.43  136 

5227 

28.1 

3980.76  137 

5234 

28.15 

3995.41  140 

5234 

28.2 

4024.71  146 

5234 

28.23 

3973.43  133 

5237 

28.28 

3973.43  134 

5239 

230 


28.32 

3951.45  129 

5242 

28.37 

3980.76  136 

5259 

28.42 

3973.43  134 

5249 

28.45 

3966.1  132 

5252 

28.S 

4002.73  141 

5254 

28.55 

3995.41  138 

5259 

28.58 

3966.1  131 

5259 

28.63 

3988.08  137 

5259 

28.67 

3988.08  136 

5262 

28.72 

3980.76  134 

5274 

28.77 

4010.06  141 

5269 

28.8 

4017.38  142 

5259 

28.85 

4002.73  138 

5274 

28.9 

3995.41  136 

5276 

28.93 

4024.71  143 

5276 

28.98 

4002.73  137 

5284 

29.03 

4024.71  142 

5284 

29.07 

4024.71  141 

5286 

29.12 

4032.04  143 

5281 

29.17 

4010.06  137 

5291 

29.2 

4032.04  143 

5294 

29.25 

4046.69  145 

5299 

29.28 

4032.04  141 

5301 

29.33 

4039.36  143 

5301 

29.38 

4046.69  144 

5303 

29.42 

4046.69  143 

5306 

29.47 

4046.69  143 

5308 

29.52 

4039.36  141 

5313 

29.55 

4024.71  137 

5311 

29.6 

4024  71  137 

5316 

29.65 

4010.06  134 

5318 

29.68 

4032.04  139 

5316 

29.73 

4010.06  133 

5321 

29.78 

4032.04  1.38 

5321 

29.82 

4061.34  145 

5321 

29.87 

4017.38  134 

5326 

29.9 

4032.04  137 

5326 

29.95 

3980.76  125 

5331 

30 

4017.38  134 

5333 

231 


Time 

DKEST  ; 

NVK  jlNVKAVE 

OKBAL  aO 

bO 

bl 

4.00E-02, 

2.50E-02 

2.50E-02 

1 .25E-02 

4.93E-04 

0 

0 

0 

9.00E-02 

5.00E-02 

5.00E-02 

3.75E-02 

1.33E-02 

-3.50E-02 

0.572183 

1.31E-02 

o.ial 

0.127 

0.127, 

8.85E-02 

2.60E-02 

•0.14356 

1.74877 

3.93E-02 

0.17 

0.149' 

0.149 

o?i^ 

6.09E-02 

-0.60418 

4.37332 

9.73E-02 

0.22 

-1 .60E-02 

-I.6OE-O2' 

6.65E-02 

0.106795 

-1.15859 

3.16403 

8.52E-02 

0.25, 

-1  .OOE-03 

-1 .00E-03| 

-8.50E-03 

9.63E-02, 

-0.16619 

12.2872 

0.216762 

0.3i 

0.277, 

0.277 

0.138 

0.102987! 

0.74514 

'  21.5962' 

0.36101 

0.33 

0.156 

0.156^ 

0.2165 

0.143796 

-1.11433 

5.20852 

1  .OOE-01 

0.38, 

0.195 

0.195, 

0.1755 

0.1451 51 J 

-1.27323 

3.62486' 

7.43E-02 

0.42 

0.1875 

0.185 

0.19 

0.159475 

-2.01232 

-4.59485 

-5.98E-02 

0.47' 

0.153 

0.153 

0.169 

0.180583 

-2.48055 

-10.3814 

-0.15374 

O.5I 

0.204196 

0.254 

0.2035 

0.204892 

-1 .97056 

-3.491 28 

-4.29E-02 

0.53 

0.295 

0.295 

0.2745' 

0.227804 

-1 .95662 

-3.29244 

-3.97E-02 

0.58 

9.00E-02 

9.OOE-O2' 

0.1925 

0.259552, 

-3.4261 5 

-24.7509 

-0.384 

0.63 

0.492 

0.492 

0.291 

0.271265 

0.621924 

36.3554 

-0.7288 

0.67 

0.267 

0.267 

0.3795 

0.313299 

-4.83517 

-45.8143 

-0.4238 

0.7' 

0.306007, 

0.341 

0.304' 

0.308013 

-3.54283 

-26.5585 

-0.40968 

0.75' 

0.320098 

0.296 

0.3185 

0.321696 

•3.48391 

-25.6626 

-0.39782 

0.8 

0.2885 

0.286 

0.291 

0.348144 

-3.4346 

-24.9066 

0.588285 

0.83 

0.543 

0.543 

0.4145 

0.370554 

-1.53219 

4.65706 

6.45E-02 

0.87 

0.352 

0.352 

0.4475 

0.408052 

-7.15336 

-82.481 

-1.30008 

0.92 

0.3565 

0.358 

0.355 

0.405491 

-5.18245 

-52.3171 

-0.83434 

0.97 

0.331 

0.331 

0.3445 

0.412269 

-3.42769 

-25.1728 

-0.41817 

1 

0.33175 

0.332 

0.3315 

0.432182 

-0.49592 

20.2034 

-0.1234 

1.05 

0.401 

0.401 

0.3665 

0.452468 

3.12144 

75.2534 

0.145 

1.08 

0.479988 

0.48 

0.4405 

0.479977 

4.97502 

102.25 

0.276076 

1.13 

0.5224 

0.562 

0.521 

0.5238 

4.97461 

102.245 

1.12164 

1.17 

0.539703 

0.51 

0.536 

0.543406 

5.028 

102.91 

1.53976 

1.22 

0.566956 

0.562 

0.536 

0.571912 

5.17883 

104.598 

1.53967 

1.25 

0.532 

0.522 

0.542 

0.604375! 

5.39105 

106.766 

1.55018 

1.3 

0.617013 

0.605 

0.5635 

0.629026 

8.68555 

137.222 

1.57704 

1.33 

0.62825 

0.636 

0.6205 

0.662702 

9.2601 1 

142.024 

1.61188 

1.38 

0.684043 

0.675 

0.6555 

0.693087 

11.0321 

155.131 

2.10579 

1.42 

0.615 

0.615 

0.645 

0.727043 

1 1 .5368 

158.396 

2.18435 

1.47 

0.698 

0.698 

0.6565 

0.758597, 

18.4112 

196.842 

2.40076 

1.5 

0.695 

0.694 

0.696 

0.791764' 

22.3959 

216.277 

2.4551 1 

1.55 

0.7075 

0.712 

0.703 

0.825066, 

29.3867 

245.12 

3.10061 

1.58 

0.73 

0.736 

0.724 

0.857507, 

38.6738 

277.304 

3.42865 

0.7795 

0.794 

0.765 

0.905712 

49.7018 

308.898 

3.91698 

1.68; 

0.82325! 

0.833 

0.8135 

0.917892, 

61.704 

336.756 

4.46101 

1.72 

0.80525' 

0.796 

0.8145 

0.937387 

71.8614 

355.049 

4.99036 

1.77 

0.835' 

0.848 

o]b^ 

^^45626 

88.2551 

377.077 

5.44833 

1.8! 

0.8405' 

0.838 

0.843 

0.9533131 

103.599 

392.649 

5.73948 

1.85 

0.85525 

0.861 

0.8495 

0.958749 

121.475 

405.71 

6.07377 

1.88, 

0.822: 

0.809 

0.835 

0.961919; 

139.947 

415.237 

6.293 

1.93 

0.83075: 

0.838 

0.8235 

0.966053! 

168.288 

424.963 

6.45636 

1.98 

0.856 

0.862 

0.85 

0.975096; 

198.146 

431.506 

6.55331 

2.02 

0.8471 

0.842 

0.852 

0.976713! 

226.868 

434.862 

6.61625 

2.07 

0.86525' 

0.873 

0.8575 

0.981717 

261.566 

435.993 

6.61431 

2.1 

0.873 

0.873 

0.873 

0.983909' 

295.542 

434.846 

6.55955 

232 


2.15 

0.898147 

0.849 

0.861 

0.984439 

331.36 

431.717 

6.44423 

2.18 

0.87075 

0.878 

0.8635 

0.976488 

362.081 

427.717 

6.2921 

2.23 

0-851, 

0.842! 

0.86 

0.955143 

402.616 

420.964 

6.10125 

2.27 

0.85925 

0.865' 

0.8535 

0.971489 

446.029! 

412.446 

^5.91658 

2.32 

0.86575 

0.866 

0.8655 

0.963366 

495.607; 

401.251 

5.64581 

2.35 

0.863 

0.862 

0.864 

0.945989 

541.52 

389.682 

5.33293 

2.4 

0.883674 

0.849; 

0.8555 

0.946522 

583.01 1 1 

378.224 

4.9418 

2.45 

0.85125 

0.8521 

0.8505 

0.941143 

616.105! 

368.29 

4.54971 

2.48 

0.86025 

0.863! 

0.8575 

0.927359’ 

665.1481" 

352.298 

4.16719 

2.53 

0.882776 

0.865 

0.864 

0.919327 

702.839 

338.984 

3.83605 

2.58 

0.832 

0.821 

0.843 

0.911764 

723.914! 

330.996 

3.29779 

2.62 

0.83525 

0.84, 

0.8305 

0.895574 

770.814! 

312.101 

2.84057 

2.67 

0.851449 

0.831 1 

0.8355 

0.887846 

805.829' 

296.628 

2.55864 

2.7 

0.840655 

0.82! 

0.8255 

0.876465 

826.589* 

286.63 

1.87013 

2.75 

0.85356 

0.854; 

0.837 

0.869679 

846.3871 

276.222 

1 .27849 

2.8 

0.859532 

0.857; 

0.8555 

0.866096 

854.892 

271.315 

0.875542 

2.83 

0.846846 

0.839 

0.848' 

0.853537 

858.22! 

269.267 

0.432179 

2.88 

0.846056 

0.85 

0.8445 

0.843669 

861.464| 

267.163^ 

0.210478 

2.92 

0.84323 

0.857 

0.8535 

0.819189 

860.38 

267.915 

0.112537 

2.97 

0.833558 

0.835' 

0.846 

0.819673' 

850.191 ! 

275.394 

0.48079 

3.02 

0.83833 

0.859 

0.847 

0.808991 

844.704, 

279.586 

0.741 548 

3.05 

0.794522 

0.786 

0.8225 

0.803044 

834.1371 

288^ 

1.31786 

3.1 

0.801 582 

0.833 

0.8095 

0.793664 

836.991 

285.828' 

1.14686 

3.13 

0.816252 

0.832 

0.8325 

0.784257' 

834.679! 

288.001' 

1.31649 

3.18 

0.821298 

0.847 

0.8395' 

0.777394 

826.342* 

296.475 

2.03415 

3.23 

0.8425 

0.841 

0.844 

0.772616 

816.063 

307.574 

3.05365 

3.27 

0.82705 

0.859 

0.85 

0.772151 

800.855 

323.992 

4.69904 

3.32 

0.856 

0.855 

0.857 

0.763757 

789.609! 

335.806 

5.99381 

3.35 

0.86025 

0.862 

0.8585 

0.765347 

770.957 

353.317 

8.13613 

3.4 

0.8395 

0.832 

0.847 

0.753566 

751.588 

368.726 

10.2784 

3^ 

0.817135 

0.857! 

0.8445 

0.749903 

733.346' 

380.021 

12.1321 

3.48 

0.84275 

0.838 

0.8475 

0.74042 

719.38, 

387.531 

13.5692 

3.53 

0.84775 

0.851 ; 

0.8445' 

0.73861 1 

697.095 

395.986 

15.6693 

3.57 

0.83825 

0.834 

0.8425 

0.733298 

672.785' 

402.416 

17.8541 

3.62 

0.81225 

0.805 

0.8195 

0.720564 

648.022 

405.534 

19.8427 

3.67 

0.788443 

0.831 

0.818 

0.716329 

625.813 

406.194 

21.5249 

3.7 

0.807693 

0.854' 

0.8425 

'^726578 

609.016 

406.121 

22.8846 

3.75 

0.83375 

0.827! 

0.8405 

0.714094 

589.707 

404.491 

24.3781 

3.78 

0.85775' 

0.868! 

0.8475 

0.713435 

558.589 

398.153 

26.3903 

3.83 

0.85375 

0.849 

0.8585 

0.7076 

519.708 

387.42 

'  28.7159 

3.88 

0.84675 

0.846! 

0.8475 

0.704711 

475.044; 

369.893 

30.5846 

3.92 

0.843 

0.842 

0.844 

0.700881 

427.86 

347.501 

3.97 

0.84575 

0.847 1 

0.8445 

0.704417 

377.5031 

320.198 

32.9268 

4 

0.823 

0.815, 

0.831 

0.707322 

325.005 

288.719 

33.3838 

4.05 

0.798422 

0.848 

0.8315 

0.715767 

280.128! 

259.354 

33.2614 

4.1 

0.84725 

0.847! 

0.8475 

0.708246 

248.404 

237.452 

32.954 

4.13 

0.83125 

0.826 

0.8365 

0.72458 

194.15 

197.459 

31.8061 

4.18 

0.80298 

0.837! 

0.8315 

0.74044 

151.873 

164.275 

30.3221 

4.23 

0.812611 

0.853' 

0.845 

0.739834 

127.685^ 

144.361 

29.1818 

4.27 

0.8515 

0.851 : 

0.852 

0.751929 

100.448 

120.869 

27.547 

4.32 

0.8435 

0.841 

0.846 

0.764941 

64.1218 

87.8862 

24.7879 

233 


4.37 

0.8305 

0.827 

0.834 

0.779848 

36.6339 

61 .6789 

22.2224 

4.4 

0.816644 

0.833 

m 

00 

d 

0.786932 

20.1083 

45.229 

20.3954 

4.45 

0.82291 

0.835 

0.834 

'^.799729 

11.2726 

36.0905* 

19.2705 

4.5 

0.824408 

0.831 

0.833 

0.809224 

5.00409 

29.3475 

18.3608 

4.53 

0.837516 

0.854 

0.8425 

0.816047 

1 .2767 

25.1738 

17.7499 

4.58 

0.836827 

0.834 

0.844 

0.832479 

-3.48489 

19.6273 

16.879 

4:^ 

0.831341 

0.832 

0.833 

0.829023 

•4.36669 

18.5528 

16.6988 

0.841 

0.8365 

0.837431 

•4.78974 

18.016 

16.6038 

4.72  0.836497 
4.77  0.840386 

0.833 

0.837 

0.837 

0.835 

0.839489 

0.849158 

-4.93395 

-4.49049 

17.8256 

18.4363 

16.5685 

16.6864 

4.8 

0.836919 

0.829 

0.833 

0.848758 

-3.32025 

20.1142 

17.0215 

4.85 

0.83813 

0.835 

0.832 

0.847391 

-1.89195 

22.2489 

17.4597 

0.838134 

0.832 

0.8335 

0.848901 

-0.88437 

23.8157 

17.7884 

4.93 

0.838363 

0.832 

0.832 

0.851088 

0.17739 

25.535 

18.155 

4.981  0.837954 

0.831 ' 

0.8315 

0.851363 

1.31713 

27.4568 

18.5691 

5.03 

0.835647 

0.826 

0.8285* 

0.852441 

2.41 

29.3752' 

18.9847 

5.07 

0.827878 

0.817 

0.8215' 

0.845132 

3.65703 

31 .6527 

19.4781 

5.12 

0.82304 

0.813 

0.815 

0.841119 

4.82479 

33.8691 

19.9557 

5.17 

0.815077 

0.803 

0.808 

0.83423 

5.9388 

36.0623' 

20.4237 

6.2 

0.803524 

0.793 

0.798 

0.819571 

7.01418 

38.2549 

20.8845 

5.25 

0.797887 

0.788 

0.7905 

0.815161 

7.83546 

39.9858' 

21.2409 

5.28 

0.789336 

0.779 

0.7835 

0.805507 

8.64247 

41 .741 

21.5929 

5.33 

0.785602 

0.776 

0.7775' 

0.803307 

9.33365 

43.2901 

21.8933 

5.38 

0.777349' 

0.772 

0.774 

0.786045 

10.0278 

44.8912 

22.1908 

5.42 

0.776543 

0?^ 

0.769 

0.794629 

10.3416 

45.6356 

22.3219 

5.47 

0.771801' 

0.762 

0.764 

0.789402 

10.9453 

47.108 

22.5645 

5.5 

0.764068 

0.753 

0.7575 

0.781 703 

1 1 .4902 

48.4733 

22.771 1 

5^^ 

0.759308 

0.75 

0.7515 

0.776425 

1 1 .9979 

49.7793 

22.9483 

5.58 

0.749512 

0.739 

0.7445 

0.765036 

12.4568 

50.9894 

23.0904 

5.63 

0.744001 

0.735 

0.737 

0.760003 

12.8453 

52.0389 

23.1916 

5.68 

0.738132 

0.728 

0.7315 

0.754897 

13.2196 

53.0731 

23.2668 

5.72 

0.73273 

0.723 

0.7255' 

0.74969 

13.5869 

54.1102 

23.3141 

5.77 

0.72492 

0.715 

0.719 

0.740761 

13.9356 

55.1156 

23.3291 

5.8 

0.71958 

0.712 

0.7135' 

0.73324 

14.2419 

56.0169 

23.3113 

5.85 

0.712958 

0.703 

0.7075 

0.728375 

14.4906 

56.7627 

23.2675 

5.88 

0.703264 

0.694 

0.6985 

0.717293 

14.7555 

57.5723 

23.1849 

5.93 

0.698999 

0.69 

0.692 

0.714996 

14.9831 

58.2801 

23.0783 

5.98 

0.693201 

0.683 

0.6865 

0.710104 

15.2283 

59.0554 

22.9195 

6.02 

0.684851 

0.676 

0.6795 

0.699052 

15.4734 

59.8426 

22.7106 

6.07 

0.681185 

0.673 

0.700554 

15.6684 

60.4785 

22.499 

6.1 

0.672476 

0.662 

0.666 

0.689427 

15.9206 

61.313 

22.1591 

6.15 

0.667568 

oi^ 

0.66 

0.684704 

16.13 

62.0152 

21.8145 

6.2 

0.658305 

0.648 

0.653 

0.673914 

16.331 

62.698 

21.4161 

6.23 

0.651347 

0.642 

0.667041 

16.5049 

63.2962 

21 .0057 

6.28 

0.643666 

0.638 

0.658997 

16.6709 

63.8741 

20.5431 

6.33 

0.63843 

0.629 

0.6315 

0.654789 

16.8251 

6.37 

0.630373 

0.619 

0.624 

0.64812 

16.9814 

64.9724 

19.4477 

6.42 

0.623085 

0.613 

0.616 

0.640255 

17.1426 

65.561 

18.7411 

6.45 

0.619464 

0.608 

0.6105 

0.639893 

17.2907 

66.0876 

17.9932 

6.6 

0.617054 

0.606 

0.607 

0.638161 

17.4581 

66.6987 

17.0238 

6.55 

0.614014 

0.605 

0.6055 

0.631541 

17.6222 

67.3033 

15.9369 

6.58 

0.609344 

0.597 

0.601 

0.630032 

17.7517 

67.784 

14.961 

6.63 

0.602847 

0.591 

0.594 

0.623541 

17.897 

68.3284 

13.7202 

6.67 

0.589 

0.619601 

18.0351 

68.8499 

12.3867 

6.72 

^3.595884 

0.584 

0.5855 

0.618152 

18.1684 

69.3575 

10.9314 

6.77 

0.590767 

0.579, 

0.5815 

0.611801 

18.302 

69.8701 

mmrn 

6.8 

0.586991 

0.574 

0.5765 

0.610471 

18.4215 

70.3323 

7.62932 

6.85 

0.584881 

0.574: 

0.574' 

0.606643 

18.5477 

70.8243 

5.65982 

6.88 

0.579138 

0.565; 

0.5695' 

0.602913 

18.6582 

71 .2584 

3.7205 

6.93 

0.571358 

0.559' 

0.562 

0.593074 

18.7721 

71 .7099 

1 .4745 

6.97 

0.565871 

0.554| 

0.5565 

0.587112 

■1 H 1 1 1 IMIM  ill  M  iitl 

7.02 

0.565754 

O.552I 

055? 

0.59226? 

18.9595 

72.4623 

-2.94225 

7.07 

0.564944 

0.551 : 

0.551  s' 

0.592332 1 

19.0639 

72.8868 

-6.8982 

7.1 

0.563884 

0.55' 

O.SSO5' 

0.591151 

19.1643 

73.2988 

-9.11527 

7.15 

0.561235 

0.545 

0.5475 

0.591206 

19.257? 

73.6835 

-12.4829 

7-18 

0.558179 

0.543 

0.544 

0.587537 

19.3515 

74.0795 

-16.3681 

7.23 

0.54375 

0.544' 

0.5435 

0.598621 

19.4364 

74.441 

-20.3581 

7.28 

0.55531 

0.539 

0.5415 

0.585431 

19.5816 

75.0682 

-28.1653 

7.32 

0.551267 

0.535 

0.537 

0.5818 

19.654 

75.3867 

-32.6479 

_ Z:37^ 

0.535 

0.535 

0.535 

0.58064 

19.72 

75.6837 

-37.3954 

7.4 

0.546045 

0.527' 

0.531 

0.580134 

19.8077 

76.0888 

-44.6 

7.45 

0.540263 

0.523' 

0.525 

0.572789 

19.8653 

76.3632 

-50.5643 

7.5 

0.52375 

0.524 

0.5235 

0.572906 

19.9124 

76.5969 

-56.2917 

7.53 

0.52025 

0.519 

0.5215 

0.574836 

19.9716 

76.9066 

-65.2946 

7.58 

0.51825 

0.518 

0.5185 

0.57291 

20.0245 

77.204 

-75.6801 

7.63 

0.532024 

0.514 

0.516 

0.56607? 

20.0644 

77.455 

•86.4748 

7.67 

0.511 

0.51 

0.512 

0.56487 

20.0813 

77.6823 

-93.4483 

7.72 

0.5115 

0.512 

0.511 

0.566638 

20.0952 

77.7377 

-104.877 

7.75 

0.524221 

0.503 

0.5075 

0.562163 

20.0964 

77.8495 

-116.98 

7.8 

0.503 

0.503 

0.503 

0.570612 

20.0885 

77.8952 

-125.588 

7.83 

0.4985 

0.497 

0.5 

0.562009 

20.0583 

77.9176 

-141 .426 

7.88 

049? 

0.493 

0.495 

20.0149 

77.8841 

-156.771 

7.93 

0.49075 

0.49' 

0.4915 

0.552248 

19.9532 

77.7899 

•173.428 

7.97 

0.48775' 

0.487' 

0.4885 

0.544969 

19.8815 

77.6478 

-189.202 

8.02 

0.48475 

0.484 

0.4855 

0.540226 

19.8009 

77.4641 

-204.301 

8.07 

0.48175 

0.481 : 

0.4825 

0.537935' 

19.7093 

77.2363 

•219.343 

8.1 

0.48025 

0.48 

0.4805 

0.536752 

19.6031 

76.9554 

-234.976 

8.15 

0.4785 

0.478 

0.479 

0.52808 

19.4828 

76.6226 

-251 .085 

8.18 

0.47425 

0.473, 

0.4755 

0.533065< 

19.3658 

76.2888 

-265.55 

8.23 

0.47375 

0.474 

0.4735 

0.527759 

19.2137 

75.8435 

-283.079 

8.28 

0.486035 

0.469; 

0.4715 

0.517604 

19.0619 

75.3898 

-299.502 

8.32 

0.46675 

0.466' 

0.4675 

0.52061 

18.9664 

75.0997 

8.37 

0.4675 

0.468 

0.467 

0.518811 

18.7922 

74.5634 

•326.24 

8.4 

0.476548 

0.459: 

0.4635 

0.507144 

18.6159 

74.0146 

-342.639 

8.45 

0.45675 

0.4561 

0.4575 

0.511128 

18.505 

73.6664 

•352.547 

8.48 

0.45225 

0.451 

0.4535 

73.01 

•370.358 

8.53 

0.45025 

0A5[' 

0.4505' 

0.509048 

^  18.0862 

72.3353 

-387.879 

8.58 

0.45 

0.45, 

0.45 

0.496431 

17.8413 

71.5486 

-407.484 

8.62 

0.461779 

0.445, 

0.4475 

0.492837 

17.6404 

70.8994 

-423.07 

8.67 

0.4495 

0.451 1 

0.448 

0.491191 

17.5014 

-433.549 

8.7 

0.455844 

0.438 

0.4445 

0.485033 

17.309 

69.8221 

-447.659 

8.75 

0.44325 

0.445 

0.4415 

0.485689 

17.171 

69.3723 

-457.549 

235 


8.8 

0.453206 

0.437 

0.441 

0.481618 

16.9656 

68.7011 

•471.918 

8.83 

0.448197 

0.431 1 

0.434 

0.479589 

16.8256 

68.2435 

•481.514 

8.88 

0.4325 

0.433 

0.432 

0.476037 

16.6684 

67.7293 

-492.072 

6^ 

0.4345; 

0.435 

0.434 

0.466476 

16.4473 

67.006 

•506.624 

8.97 

0.440988, 

0.427 1 

0.431 

0.464965 

16.2832! 

66.4693 

-517.231 

9.02 

0.42775 

0.428 

0.4275 

0.462657 

16.1593; 

66.065 

-525.115 

9.05 

0.435049! 

0.422, 

0.425 

0.458146 

15.9779; 

65.4742 

-536.47 

_ 

0.432787 1 

0.4221 

0.422 

0.454361 

15.8576; 

65.0836 

-543.895 

9.13 

0.428933 1 

0.416' 

0.419 

0.451799 

15.7452! 

64.7195 

-550.737 

9.18 

0.425763, 

0.416 

0.416 

0.44529 

15.6263 

64.3358 

-557.882 

9.23 

0.425382 

0.4171 

0.4165 

0.442646 

15.5252 

64.0106* 

-563.884 

9.27 

0.424843 

0.414 

0.4155 

0.445029 

15.4363' 

63.7261 

-569.099 

9.32 

0.423104 

0.416' 

0.415' 

0.438311 

15.3333' 

63.3985 

-575.085 

9.35 

0.416781 

0.407: 

0.4115 

0.431842 

15.2565, 

63.156 

-579.509 

9.4 

0.41 4859 1 

0.408 

0.4075 

0.429078 

15.1815 

62.921 

-583.802 

9.45 

0.4126721 

0.406 

0.407 

0.425015 

15.1117] 

62.7039 

-587.772 

9.48 

0.411418, 

0.406 

0.406 

0.422255 

15.052, 

62.5201 

-591.144 

9.53 

0.409084 

0.404' 

0.405 

0.418253* 

15.0005! 

62.3632 

-594.039 

9.58 

0.4031 ; 

0.397 

0.4005 

0.41 1 8 

14.9577' 

62.2345 

•596.435 

9.62 

0.399529 

0.394! 

0.3955 

0.409087 

14.918 

62.1164' 

•598.657 

9.67 

0.39349' 

0.394 

0.394 

0.392471 

14.8752 

61.991 

-601.042 

9.7 

0.396558 

0.394 

0.394 

0.401674 

14.8797 

62.0039 

•600.793 

9.75 

0.394506 

0.39 

0.392 

0.401519 

14.8578! 

61.9417 

•602.01 1 

9.76 

0.38938 

0.383 

0.3865 

0.398639 

14.8286 

61 .8601 

-603.642 

9783' 

0.388921 : 

0.389 

0.386 

0.391763 

14.791] 

61.7572 

-605.746 

9.88 

0.388268 

0.39 

0.3895 

0.385305 

14.7797 

61.727 

-606.377 

9.92 

0.388335 

0.388 

0389* 

0.388004 

14.7911 

61 .7569 

•605.734 

9.97' 

0.388972 

0.39 

0.389 

0.38791 5 

14.79241 

61.76 

•605.664 

_ la 

0.387432 

0.388 

0.389 

0:385295 

14.7962: 

61 .7694 

-605.444 

10.05 

0.383818 

0.384 

0.386 

0.381454 

14.8037, 

61.7871 

-605.008 

10.1 

0.384279 

0.388 

0.386 

0.378838 

14.8117 

61.8053 

•604.535 

10.13 

0.38021 

0.381 

0.3845 

0.375129 

14.8295! 

61.8438 

-603.467 

10.18 

0.375953 

0.379 

0.38 

0.36886 

14.8456! 

61 .8766 

•602.487 

10.23 

0.372823' 

0.375, 

0.377 

0.366468 

14.8672, 

61.9181 

-601.142 

10.27 

0.368576' 

0.372 

0.3735 

0.360227 

14.8859 

61.9514 

-599.957 

10.32 

0.363287 

0.369 

0.3705 

0.350362 

14.9095 

61.9902 

-598.424 

10.35' 

0.365033 

0.369 

0.369 

0.357099* 

14.9448 

62.0428 

•596.087 

10.4 

0.361036 

0.361 

0.365 

0.357107 

1 4.9655 1 

62.0705 

-594.674 

10.45* 

0.361587 

0.365; 

0.363 

0.356761 

14.9754, 

10.48 

0.359294, 

0.366' 

0.3655 

0.346381 

10.53 

0.358034, 

0.363 

0.3645 

0.346603 

15.0171 

62.1162 

-590.932 

10.57 

0.35572 

0.361 

0.362 

0.34416 

15.0422 

62.1295 

-588.991 

10.62 

0.3565! 

0.355 1 

0.358 

0.337925 

15.0666 

62.1361 

-587.047 

10.67 

0.349506, 

0.355 

0.355 

0.338517 

15.1039 

62.1357 

-583.948 

10.7 

0.350225 

0.359, 

0.357 

0.334676 

15.125* 

62.1292 

-582.13 

10.75 

0.349457 1 

0.356 1 

0.3575 

0.33487 

15.1532 

62.111 

-579.576 

0.354 

0.355 

0.322445 

15.1783 

62.0852 

-577.193 

10.83 

0.345225' 

0.354 

0.354 

0.327676 

15.2302 

62.0091 

-571.979 

10.88 

O.3525I 

0.352 

0.353 

0.327941 

15.257 

61.9571 

•569.137 

10.92 

0.35125 

0.351 ! 

0.3515 

0.32499 

15.2921 

61.8697 

-565.173 

10.97 

0.34575 

0.344 

0.3475 

'"0.319654 

15.3271 

61 .7607 

-560.945 

236 


11.02 

0.33769 

0.347 

0.3455 

0.320571 

15.3595 

61.6371, 

-556.753 

11.05 

0.34775 

0.348 

0.3475 

0.305703 

15.3792 

61.5464! 

-554.009 

11.1 

0.34575! 

0.345 

0.3465 

0.319041 

15.4237 

61.2993 

-547.277 

11.15 

0.339472: 

0.344 

0.3445 

0.329916 

15.4496 

61.1269| 

-543.002 

11.18 

0.34325: 

0.343 

0.3435 

0.313135 

15.458 

61.0598 

-541.473 

11.23 

0.34375 

0.344 

0.3435 

0.311671 

15.4817 

60.8309 

-536.65 

11.27 

0.341 

0.34! 

0.342 

0.312836 

15.5042 

60.5685! 

-531.504 

11.32 

11.37 

0.3385 

0.338; 

0.338 

0.338 

0.339 

0.338 

0.303687  15.5214 

0.3088'  15.5396 

WEEHEHEIESl 

11.4 

0.3365; 

0.336, 

0.337 

0.305954 

15.5524 

59.7087  i 

-516.652 

11.45 

0.33525 

0.335 

0.3355 

0.304441 

15.5632 

59.3899' 

-511.706 

11.5 

0.327393  i 

0.342! 

0.3385 

0.30168 

15.5715 

59.0513 

-506.701 

11.53 

0.33675; 

0.335, 

0.3385 

0.295945 

15.5762 

58.7547! 

-502.509 

11.58 

0.332 

0.331 ; 

0.333 

0.297627 

15.5802 

58.26! 

-495.824 

11.62 

0.33025; 

0.33  i 

0.3305 

0.298848 

15.5807 

57.8242' 

-490.168 

11.67 

0.33075 

0.331 ' 

0.3305 

0.28733 

15.5787 

57.4095 

-484.98 

11.72 

0.321982. 

0.335 

0.333 

0.297946 

15.5723 

56.8134! 

-477.778 

11.75 

0.329 

0.327, 

0.331 

0.280805 

15.5669 

56.4708' 

-473.774 

11.8 

0.33075 

0.332 

0.3295 

0.288004 

15.5521 

55.7574; 

-465.7 

11.85 

0.326 

0.324 

0.328 

0.293525' 

15.5357 

55.1028; 

-458.508 

11.88 

0.3255 

0.326 

0.325 

0.288328 

1 5.5206 

54.5887 

-453.017 

11.93 

0.32225 

0.321 

0.3235 

0.295952 

15.5006 

53.9822; 

-446.706 

11.97 

0.32025 

0.32 

0.3205 

0.290278 

1 5.4845 

53.5403 

-442.221 

12.02 

0.310783 

0.325 

0.3225 

0.28485 

1 5.464 

53.0225' 

-437.088 

12.07 

0.32125; 

0.32: 

0.3225 

0.284065 

15.4443 

52.5621 

-432.626 

12.1 

0.317' 

0.316 

0.318 

0.279104 

15.4133 

51.8835' 

•426.193 

12.15 

0.3145 

0.314' 

0.316 

0.280521 

15.379 

51.1736 

-419.604 

12  18 

0.31475 

0.315 

0.3145 

0.279268 

15.3458 

50.5219^ 

-413.669 

12.2^ 

0.30975 

0.308 

0.3115 

0.276805 

15.3087 

'“^8266 

-407.445 

12.28 

0.302035 

0.316 

0.312 

0.278105 

15.2721 

49.1645 

-401 .64 

12.32 

0.313 

0.312 

0.314 

0.276071 

1 5.2439 

48.6745' 

-397.409 

12.37 

0.311 25j 

0.31 1 

0.3115 

0.27105 

15.1979 

47.9018; 

-390.847 

12.42 

0.3095: 

0.309' 

0.31 

0.272795' 

15.145 

47.0432 

-383.671 

12!^ 

0.306 

0.305, 

0.307 

0.274305 

15.0944 

46.2438, 

-377.091 

12.5 

0.30425' 

0.304 

0.3045 

0.268949 

1 5.0486 

45.5408 

-371 .387 

12.55 

"  0.30025, 

0.299! 

0.301 5 

0.27037 

14.9954 

44.7442, 

-365.013 

12.58 

0.291005 

0.304 

0.3015 

0.267514' 

14.9486 

44.0588 

-359.6 

12^ 

0.30175 

0.301 

0.3025 

0.270676 

14.9104 

43.5117 

-355.333 

12!^ 

0.2995' 

0.299 

0.3 

0.262622' 

14.8581 

42.7763 

-349.669 

12.72 

0.291049' 

0.302! 

0.3005 

0.270646 

14.7937 

41.8902; 

-342.926 

12.77 

■  1  I'll  II—  II 

0^015 

0.257896' 

14.757 

12.8 

0.29951 

0.299; 

0.3 

0.262418 

14.6762 

40.32061 

-331.209 

12.85 

0.2975j 

0.297 

0.298 

0.257382 

14.6051 

39.3906! 

•324.368 

12.88 

0.29625 

0.296, 

0.2965 

0.259108 

14.5258 

38.3712 

-316.948 

12.93 

0.29525, 

0.295, 

0.2955 

0.25803 

14.4505 

12.98 

0.2965 

0.297 

0.296 

0.259581' 

14.3731 

36.4481 

-303.158 

13.02 

0.29625 

0.296; 

0.2965 

0.261106 

14.2944 

35.4777 

-296.298 

13.07 

0.29525 

0.295 

0.2955 

0.258604 

14.2177 

34.5444 

-289.761 

13.12 

0.29425! 

0.294 

0.2945’ 

0.2575.24 

14.136 

33.5615 

-282.938 

13.15 

0.29175' 

0.291 ! 

0.2925 

0.255159 

14.0524 

32.5674 

•276.098 

13.2 

0.291 

0.291 

0.291 

0.256724 

13.9674 

31.5686 

•269.282 

237 


13.25 

0.29325 

0.294 

0.2925 

0.254227 

13.8864  30.6257 

-262.9 

0.288 

0.291 1 

Ml  HIM  limn 

0.289 

0.2885 

13.7103;  28.6086 

-249.403 

13.37 

0.286 

0.285 

0.287 

0.252279 

13.6258  27.6542 

-243.091 

13.42 

0.27825 

0.276 

0.2805 

0.253727 

13.5407:  26.7019 

-236.838 

13.47 

0.270819 

0.286 

0.281 

0.245457 

13.47791  26.006 

-232.301 

13.5 

0.28675 

0.287 

0.2865! 

0.248929 

13.4123:  25.2838 

-227.623 

13.55 

0.28475 

0.284 

0.2855 

0.254556 

13.31311  24.2017 

-220.661 

13.58 

0.28325 

0.283 

0.2835 { 

0.251856 

13.2329,  23.3339 

-215.116 

13.63 

0.2815 

0.2821 

0.246639 

13.1485!  22.4281 

-209.365 

13.68 

0.278 

0.277 

0.279! 

0.24821 

13.0538'  21.4188 

-202.997 

13.72 

0.268647 

0.283 

0.28 

0.24294 

^  12.972,  20.5538 

-197.574 

13.77 

13.82 

0.2815 

0.28175 

0.281 

0.282 

0.282 i 
0.2815 

13.85 

0.27825 

0.277 

0.2795 

0.240842 

12.6938  17.655 

•179.623 

13.9 

0.27625' 

0.276 

0.27651 

0.236148 

12.5874!  16.5603 

-172.919 

13.93 

0.276 

0.276 

0.276! 

0.240812 

12.4725  1 5.386 

-165.766 

13.98 

0.27525 

0.275 

0.2755 ! 

0.233422 

12.3711;  14.3556 

-159.524 

14.03 

0.27575 

02^ 

0.2755 

0.242176' 

12.2499  13.1314 

-152.146 

iTo7 

0.27525 

0.275 

O.2755I 

0.239958 

12.1521!  12.1496 

-146.26 

14.12 

0.27125 

0.27 

0.2725 1 

0.239187 

12.0488  11.1188 

-140.112 

14.17 

0.2685 

0.268 

0.269 

0.236942 

11.9546.  10.1839 

-134.563 

14.2 

0.260202 

0.272 

0.27 1 

0.238606 

11.8616  9.26578 

-129.14 

14.25 

0.2705 

0.27 

0.271 ; 

0.235683 

11.7978  8.63929 

-125.457 

14.3 

0.2715' 

0.272 

0.271 ! 

0.241486 

11.6947,  7.63171 

-119.562 

14.33 

0.27575 ' 

0.277 

0.2745 

0.236542 

11.6055;  6.7655 

-114.518 

14.38 

0.26875 

0.266 

0.2715 

0.234821 

11.4888  5.63709 

-107.977 

14.42 

0.26525 

0.265 

0.2655; 

0.230224 

11.3876'  4.66314 

-102.367 

14.47 

0.265 

0.265 

0.265 

0.223119 

11.2829  3.66173 

•96.6046 

14.52 

0.2665 

0.267 

0.266 

0.232163 

11.1578  2.46955 

•89.7857 

14.55 

0.264 

0.263 

0.265* 

0.234215 

11.0552  1 .49675 

-84.2451 

14.6 

0.26 

0.259 

0.261 1 

0.229486 

14.65^ 

0.26125 

0.262 

0.2605' 

0.224841 

10.8752;  -0.1989 

-74.6483 

14.68 

0.26125' 

0.261 

0.261 5  j 

0.22973 

10.7667;  -1.21422 

-68.9366 

0.258 

0.257 

0.259 

0.231728 

10.6729;  -2.08819 

-64.0397 

14.77 

0.249836 

0.261 

0.259, 

0.229509 

10.5948,  -2.81235 

-59.9983 

14.82 

0.26175 

0.262 

0.2615' 

0.230824 

10.5346!  -3.36911 

-56.9031 

14^ 

0.26125 

0.261 

0.26151 

0.230216 

10.443!  -4.21116 

-52.2402 

14.9 

0.25875 

0.258 

0.2595 

0.234605 

10.3514  -5.05116 

-47.6067 

0.250634 

0.262 

0.26 

0.229902 

10.2808  -5.69531 

-44.0672 

15 

0.259 

0.258 

0.26 

0.228681 

10.2198  -6.24946 

-41.0337 

15.03 

0.255 

0.254 

0.256 

0.224209 

10.1308;  -7.05498 

-36.6409 

15.08 

0.2555 

0.256 

0.255 

0.226284 

10.0406!  -7.86774 

-32.2252 

15.12 

0.2575 

0.257 

0.224401 

9.95538;  -8.63358 

-28.0794 

15.17 

0.2535 

0.252 

0.255 

0.220189 

9.85908  -9.49514 

-23.4324 

15.22 

0.252 

0.252 

0.252 

0.226403 

9.76248  -10.3562 

-18.8048 

15.25 

0.25125 

0.251 

0.2515 

0.226993 

9.68854;  -11.0128 

-15.2881 

15.3 

0.25325 

0.2525 

0.222344 

9.61875  -11.6303 

-11.9926 

15.35 

0.25175 

0.251 

0.2525 

0.224592 

9.53021  -12.4109 

-7.84087 

15.38 

0.2525 

0.253 

0.252 

0.22406 

9.45273  -13.0916 

-4.23302 

iT43^ 

0.24925 

0.248 

0.2505 

0.222328 

9.37194'  -13.7989 

-0.49741 

238 


15.47 

0245, 

0.244 

0.246 

0.221846 

9.29579 

-14.4631 

2.99918 

15.52 

0.241 

0.24 

0.242 

0.223764 

9.23061 

-15.0296 

5.97171 

15.57 

0.24675' 

0.249 

0.2445 

0.221479 

9.18235 

-15.4477 

8.15835 

15.6 

0.2475 

0.247 

0.248 

0.223546 

9.11199 

-1 6.0553' 

11.3258 

15.65 

0.241354 

0.25 

0.2485 

0.225561 

9.04562 

•16.6266 

14.2938 

15.7 

0.24775! 

0.247 

0.2485 

0.224518 

9.00208 

16.2282 

15.73 

0.2395! 

0.237 

0.242 

0.222639 

8.93832 

-17.5451 

19.0416 

15.78 

0.2346171 

0.245 

0.217851 

8.89227 

-17.9374 

21.0602 

15.83 

0.2451 

0.245 

0.245 

0.222116 

8.84675 

-18.324 

23.0434 

15.87 

0.242! 

0.241 

0.243 

0.22157 

8.78493 

•18.8473 

25.7194 

15.92 

0.24251 

0.243 

0.242 

0.217032 

8.73001 

-19.3107 

28.0812 

15.97 

0.243 1 

0.243 

0.243 

0.215394 

8.66191 

16 

0.243 

0.243 

0.243 

0.217788 

8.5885 

-20.499 

34.109 

16.05 

0.24225 

0.242 

0.2425 

0.217489 

8.52181 

-21 .0563 

36.9232 

16.1 

0.24125 

0.241 

0.2415' 

0.219784 

8.45669 

-21 .5989 

39.6546 

16.13 

0.2395! 

0.239 

0.24 

0.218036 

8.40054 

-22.0652 

41.9946 

16.18 

0.2375 

0.237 

0.238 

0.217613 

8.34474 

-22.5272 

44.3066 

16.22 

0.23325' 

0.232 

0.2345 

0.219722 

8.29334 

-22.9515 

46.4229 

16.27 

0.228709 

0.235' 

0.2335 

0.217628 

8.25859 

-23.2375 

47.8452 

16.32 

0.232263' 

0.24 

0.2375' 

0.21929 

8.23032 

-23.4695 

48.9958 

16.35 

0.23775 

0.237 

0.2385 

0.217169' 

8.19742 

wsESEmmjEsm 

16.4 

0.231261! 

0.239 

0.238 

0.216784 

8.14553 

-24.1619 

52.4134 

16.45 

0.23825 

0.238 

0.2385 

0.221265 

8.10924 

-24.4571 

53.864 

16.48 

0-235: 

0.234 

0.236 

0.214249 

8.06691 

•24.8003 

55.5459 

16.53 

0.23025' 

0.229 

0.2315 

0.210059 

8.0155 

-25.2159 

57.5768 

16.58 

"^23451 1 

0.229 

0.229 

0.212353 

7.96579 

-25.6167 

59.5294 

16.62 

0.224561 ' 

0.23 

0.2295 

0.214182 

7.93864 

-25.8349 

60.5895 

16.67 

0.22417; 

0.232 

oT^ 

0.209509 

7.91343 

-26.037' 

61.5688 

16.72 

0.232 

0.232 

0.232 

0.211549 

7.87804 

-26.3199 

62.9355 

16.75 

0.22975, 

0.229 

0.2305 

0.197082 

7.82897 

-26.71 1' 

64.8195 

16.8 

0.223693 

0.229 

0.229 

0.21308 

7.75109 

-27.33 

67.7932 

16.85 

0.226334' 

0.233 

0.215003 

7.72595 

-27.5293 

68.7477 

16.88' 

0.23075; 

0.23 

0.2315 

0.213083 

7.69929 

:27:^ 

69.7544 

16^ 

0.22625, 

0.225 

0.2275 

0.208927 

7.65799 

-28.0656 

71.3053 

16.97 

0.222922 

0.23' 

0.2275 

0.211266 

7.61774 

-28.382 

72.808 

17.02 

0.224077 

0.231 

0.2305' 

0.210732 

7.59085 

-28.5928 

73.8067 

17.07' 

0.22875' 

0.228 

0.2295 

0.215481 

7.56026 

-28.832 

74.9366 

17.1 

0.222395 

0.228 

0.228 

0.211186 

7.53004 

-29.0676 

76.0468 

17.15 

0.2265 

0.226 

0.227 

0.210691 

7.50467 

-29.2648 

76.9734 

17.2 

0.222387 

0.23 

0.228 

0.20916 

7.46914 

-29.5405 

78.2648 

17.23 

0.22925 

0.229 

0.2295' 

0.211393 

7.4396 

-29.7689 

79.3324 

17.28 

0.22825! 

0.228 

0.2285 

0.211292 

7.39997 

-30.0746 

80.7568 

17.33 

0.221 254| 

0.224 

0.226 

0.213762 

7.36258 

-30.3623 

82.0936 

17.37 

0.219105! 

0.224 

0.224 

0.209316 

7.34617 

-30.4882 

82.6772 

17.42 

0.21853 

0.224 

0.224 

0.207591 

7.32487 

-30.6512 

83.4307 

17.47 

0.219276' 

0.224 

0.224 

0.209827 

7.30123 

-30.8317 

84.2628 

17.5 

mtkwm 

0.219 

0.2215 

0.20812 

84.9729 

17.55 

0.21629; 

0.221 

0.22 

0.20787 

7.25508 

-31.1826 

85.8738 

17.6 

0.216849 

0.22 

0.2205 

0.210046 

7.23725 

-31.3177 

86.4917 

17.63 

0.216592 

0.221 

0.2205 

0.208276 

7.22294 

-31.4258 

86.985 

17.68 

0.22025 

0.22 

0.2205 

0.204003 

7.20556 

-31.5568 

87.5809 

239 


17.72 

0.21775 

0.217 

0.2185 

0.20013 

7.17184 

•31.8103 

88.7315 

17.77 

0.211413 

0.217 

0.217 

0.20024 

7.13551 

-32.0828 

89.9648 

17.82 

0.213583 

0.205248 

7.11263 

-32.2539 

90.7376 

17.85 

0.215 

0.214 

0.216 

0.198484 

7.09569 

•32.3804 

91.3071 

17.9 

0.211096 

0.215 

0.2145 

0.203788 

7.06234 

-32.6287 

92.4226 

17.95 

0.211666 

0.216 

0.2155 

0.203498 

7.04768 

-32.7376 

92.9103 

17.98 

0.206823 

0.207 

0.2115 

0.201969 

7.03142 

-32.8581 

93.4489 

18.03 

0.21375 

0.216 

0.2115 

0.197731 

7.02182 

-32.929 

93.7652 

18.08 

0.210987 

0.212 

0.214 

0.206961 

6.99037 

-33.161 

94.7967 

18.12 

0.207111 

0.211 

0.2115 

0.198833 

6.98252 

-33.2187 

95.0529 

18.17 

0.206895 

0.211 

0.211 

0.198686 

6.96649 

-33.3364 

95.5735 

18.22 

0.207057 

0.214 

0.2125 

0.194671 

6.95071 

-33.452 

96.0838 

18.25 

0.208602 

0.21 

0.212 

0.203807 

6.92706 

-33.6248 

96.8448 

18.3 

0.20656 

0.21 

0.21 

0.199679 

6.91 796 

-33.6911 

97.136 

18.35 

0.208084 

0.214 

0.212 

0.198251 ' 

6.905 

•33.7854 

97.5491 

18.38 

0.214 

Ql^ 

0.214 

0.187899 

6.8866 

-33.9189 

98.1326 

18.43 

0.208868 

0.212 

0.213 

0.201602 

6.83809 

-34.27 

99.6638 

18.47 

0.207222 

oTT? 

0.197666 

6.82468 

-34.3669 

100.085 

18.52 

0.207609 

0.211 

0.2115' 

0.200326 

6.80715 

-34.4932 

100.633 

18.57 

0.2095' 

0.209 

0.21 

0.189955 

6.79388 

•34.5886 

101 .046 

18.6 

0.205721 1 

0.207 

0.208 

0.202162 

6.75851 

-34.8423 

102.142 

18.65 

0.207848 

0.212 

0.2095 

0.202044 

6.75212 

-34.8881 

102.339 

18.7 

0.212 

0.212 

0.212 

0.187785 

6.74176 

-34.9621 

102.657 

18.73 

0.20958 

0.215 

0.2135 

0.20024 

6.69883 

-35.268 

103.968 

18.78 

0.20914' 

oHJ 

0.214 

0.20042 

6.68238 

-35.385 

104.469 

18.83 

0.206934 

0.21 

0.2115' 

0.199303 

6.66712 

•35.4932 

104.93 

18.87 

0.20735 

0.21 

0.21 

0.202049 

6.65385 

-35.5871 

105.33 

18.92 

0.20658 

0.211 

0.2105 

0.198239 

6.6447 

•35.6518 

105.605 

18.97 

0.20732 

0.212 

0.2115 

0.198459 

6.63039 

-35.7526 

106.032 

19 

0.2075 

0.206 

0.209 

0.197422 

6.61529 

-35.8589 

106.481 

19.05 

0.201459 

0.2055 

0.193876 

6.59822 

-35.9786 

106.986 

19.08 

0.2035 

0.203 

0.190251 

6.58547 

-36.0679 

107.361 

19.13' 

0.198786' 

0.202 

0.193359 

6.56334 

-36.2226 

108.011 

19.18 

0.200026' 

0.204 

0.2025 

0.193579 

6.55433 

-36.2854 

108.273 

19.22 

0.199686 

0.203 

0.2035 

0.192558 

6.54371 

-36.3593 

108.582 

19.27 

0.19949 

0.201 

0.202 

0.195469 

6.53205 

-36.4403 

108.92 

19.32 

0.200434 

0.206 

0.2035' 

0.191801 

6.52552 

•36.4856 

109.108 

193^ 

0.203 

0.192214 

6.51158 

-36.582 

109.508 

19.4 

0.198981 

0.203 

0.2025 

0.191444 

6.49429 

-36.7014 

110.003 

19.45 

0.201308 

oloT 

0.202 

0.200923 

6.48228 

-36.7841' 

110.344 

19.48 

0.197571 

0.201 

0.201 

0.190713 

6.48167 

-36.7882 

110.362 

19.53 

0.197781 

0.202 

0.2015 

0.189843 

6.4709 

•36.8622 

110.666 

19.58 

0.197108 

0.2 

0.201 

0.190325 

6.4585 

-36.9471 

111.014 

19.62 

0.195997 

0.199 

0.1995 

0.189491 

6.44798 

-37.019 

111.309 

19.67 

0.195986 

0.199 

0.199 

0.189959 

6.43796 

-37.0874 

111.588 

19.72 

0.198506 

ol^ 

0.2005 

0.193018 

6.42873 

-37.1502 

111.844 

19.75 

0.196728 

0.198 

- 02^ 

0.192184 

6.42039 

-37.2069 

112.075 

19.8 

0.196416 

0.201 

0.1995 

0.188749 

6.41352 

-37.2534 

112.264 

19.83 

0.198973 

0.203 

0.202 

0.19192 

6.40201 

-37.3313 

112.579 

19.88|  0.1982021  0.203  0.203|  0.188606'  6.39149;  -37.4024^  112.867 

19.93'  0.200294  0.205'  0.204  0.191883  6.37727  •37.4983'  113.253 


240 


19.97 

0.199847 

0.203 

0.204 

0.19254 

6.36488 

-37.5817 

113.589 

20.02 

0.197431' 

0.201 

0.202 

0.189293 

6.35418 

-37.6535 

113.877 

20.07 

0.20025 

0. 

2 

0.2005 

0.1861 

6.34234 

-37.7329 

114.196 

20.1 

0.197; 

0.196 

0.198 

0.185742 

6.32188 

-37.8698 

114.743 

20.15 

0.19573: 

0. 

2 

0.198 

0.18919 

6.3057 

-37.9779 

115.174 

20.2 

0.194198 

0.196 

0.198 

0.188594 

6.29637 

-38.0401 ! 

115.422 

20.23 

0.192966 

0.197 

0.1965 

0.185397 

6.28842 

-38.093 

115.632 

20.28 

0.195754 

0. 

2 

0.1985 

0.188763 

6.27775 

-38.1639, 

115.913 

20.33 

0.19325 

0.191! 

0.1955 

0.185646 

6.26796 

-38.2288! 

116.17 

20.37 

0.190991 ! 

0.194 

0.1925 

0.186471 

6.25738 

-38.2988 

116.447 

20.42 

0.191301 ' 

0.194! 

0.194 

0.185904 

6.25113 

•38.3401 1 

116.609 

20.47 

0.191, 

0.19, 

0.192 

0.1 7632 

6.24372 

-38.389! 

116.802 

20.5 

0.187976 

0.19: 

0.19 

0.183928 

6.22368 

-38.52091 

117.319 

20.55 

0.189303 

0.193 

0.1915 

0.183409' 

6.21819 

-38.557; 

1 1 7.461 

20.58 

0.191588 

0.196' 

0.1945 

0.184263 

6.21026 

-38.6091 1 

117.664 

20^ 

0.1914^ 

0.195 

0.1955 

0.183884 

6.20046 

-38.6733 

117.915 

20^ 

0.192109 

0.1 

19 

6 

0.1955 

0.184828 

6.19038 

-38.7392, 

118.171 

20.72 

0.194298 

2 

0.199 

0.181893 

6.18076 

-38.8021 

118.415 

20.77 

0.184745 

0.18 

1 

0.1915 

0.181734 

6.16446 

-38.9082; 

118.827 

20.82 

0.179239 

0.179 

0.18 

0.178716 

6.16053 

-38.9338 

118.926 

20.85 

0.176515 

0.178 

0.1785 

0.173045 

6.15985 

-38.9382 

118.943 

20.9 

0.178725' 

0.183 

0.1805 

0.172675 

6.15538 

-38.9672; 

119.055 

20.93 

0.178399 

0.18 

0.1815 

0.1 73696 

6.14764 

-39.0173 

119.248 

20.98 

0.179957 

0.18 

0.18 

0.179872 

6.14167 

-39.0559, 

119.396 

21 .03 

0.181948 

0.186 

0.183 

0.1 76845 

6.14156 

-39.0566! 

119.399 

21.07 

0.18075 

0.179 

0.1825 

0.173991 

6.13516 

""-39.0979 

119.557 

21.12 

0.182 

0.183 

0.181 

0.190646 

6.12674 

-39.152' 

119.764 

21.17 

0.17775 

0.176 

0.1795 

0.170544 

6.13744 

•39.0833! 

119.502 

21.2 

0.176728 

0.176 

0.176 

0.178184 

6.12858 

-39.1401 ! 

119.718 

21.25 

0.1 73233 

0.17 

1 

0.1735 

0.175198 

6.13036 

-39.1287, 

119.675 

21.28 

0.17386 

0.18 

0.1755 

0.17222 

6.13274 

-39.1135' 

119.617 

21.33 

0.178317 

0.182 

0.181 

0.17195 

6.13077 

-39.1  26T|' 

119.665 

21.38 

0.181704 

0.183' 

0.1825 

0.179613 

6.12314 

-39.1748 

119.849 

21.42 

0.179769 

0.179 

0.181 

0.179307 

6.12065 

-39.1906 

119.908 

21.47 

0.174519 

0.176 

0.1775 

0.170058 

6.1201 

-39.1941! 

119.922 

21.52 

0.177286 

0.176 

0.176 

0.179857 

6.11485 

-39.2274 

120.047 

21.55 

0.175317' 

0.174 

0.175 

0.176951 

6.11786 

-39.2083! 

119.975 

21.6 

0.177031 1 

0.18 

0.177 

0.174092' 

6.11976 

-39.1963 

119.93 

21.65 

0.175127: 

0.176,' 

0.178 

0.17138 

6.11636 

-39.2178 

120.01 

21.68 

0.177826' 

0.1 78| 

0.177 

0.178477 

6.11206 

•39.2449 

120.112 

21.73 

0.17623! 

0.176, 

0.177 

0.175689 

6.1128 

•39.2402 

120.094 

21.78 

0.179169 

0.185! 

0.1805 

0.177838 

6.11219 

-39.2441 

120.109 

21.82 

0.1809291 

0.1811 

0.183 

0.178788 

6.11069 

-39.2535 

120.144 

21.87 

0.181689 

0.184i 

0.1825 

0.178566 

6.10829 

-39.2686: 

120.199 

21.9 

0.178315! 

0.178 

0.181 

0.175944 

6.10481 

•39.2904 

120.28 

21.95 

0.178661' 

0.18 

0.179 

0.176984' 

6.10218 

-39.3068 

120.341 

22 

0.180152) 

0.18 

0.18 

0.180456 

6.10033 

-39.3184 

120.384 

22.03 

0.179575 

0.179' 

0.1795 

0.180224 

6.10066 

-39.31 63 1 

120.376 

22.08 

0.179019 

0.18' 

0.1795 

0.177557 

6.10137 

-39.3119; 

120.36 

22.13 

0.178542 

0.178 

0.179 

0.178626 

6.09978 

-39.3218 

120.396 

22.17 

0.175836 

0.175 

0.1765 

0.176007 

6.09987 

-39.3212 

120.394 

241 


22.22 

0.177782 

0.18 

0.1775 

0.175847 

6.10006 

-39.3201 

120.39 

22.25 

0.176492 

0.175 

0.1775 

0.176975 

6.09799 

•39.3328 

120.436 

22.3 

0.175798 

0.177 

0.176 

0.1 74394 

6.0985 

-39.3297 

120.425 

22.35 

0.178827 

0.18 

0.1785 

0.177979 

6.09702 

•39.3388 

120.458 

22.38 

0.1773 

0.176 

0,178 

0.177899 

6.09613 

•39.3443 

120.478 

22.43 

0.175786 

0.176 

0.176 

0.175358 

6.09676 

-39.3405 

120.464 

22.48 

0.17075 

0.169 

0.1725 

0.176521 

6.09632 

-39.3432 

120.474 

22.52 

0.172624 

0.173 

0.171 

0.173873 

6.10227 

-39.3066 

120.342 

22.57 

0.17208 

0.169 

0.171 

0.176241 

6.10355 

-39.2987 

120.313 

22.62 

0.173276 

0.172 

0.1705 

0.177327 

6.1078 

-39.2727 

120.22 

22.65 

0.175235 

0.175 

0.1735 

0.177205 

6.11191 

-39.2476 

120.129 

22.7 

0.1 74403 

0.174 

0.1745 

0.1 74709 

6.1139 

-39.2354 

120.086 

22.75 

0.173145 

0.171 

0.1725 

0.175934 

6.11421 

2r^ 

0.171317 

0.17 

0.1705 

0.17345 

6.11699 

-39.2166 

120.0181 

22.83 

0.1 74646 

oTt^ 

0.1 735 1 

0.173438 

6.11911' 

22.87 

0.173247 

oTm 

0.174 

0.1 74741 

6.11792 

-39.2109 

119.998 

22.92 

0.173258 

0.173 

0.172 

0.174774' 

6.11939 

-39.202 

119.966 

22.97 

0.16775 

0.166 

0.1695' 

0.176036 

6.12087 

-39.193 

119.934 

23 

0.169993 

0.169 

0.1675 

0.17348 

6.12893 

-39.1442 

119.761 

23.05 

0.17222 

0.17 

0.1695' 

0.177161 

6.13231 1 

-39.1 238 

119.689 

23?r 

0.171571 

0.17 

0.17 

0.174713 

6.13706 

-39.0951 

119.587 

23.13 

0.16325 

0.161 

0.1655 

0.178427' 

6.14007 

-39.077 

119.523 

23.18 

0.16775 

0.17 

0.1655 

0.1 75746 

6.15452 

-38.9899 

119.216 

23.22 

0.170398 

0.167 

0.1685 

0.175694 

6.16209 

-38.9443 

119.055 

23^ 

0.17113 

0.167 

0.167 

0.179389 

6.16708 

-38.9143 

118.95 

23.32 

0.174306 

0?i7^ 

0.171 

0.176918 

6.17482 

-38.8678 

118.787 

23.35 

0.16825 

0.166 

0.1705 

0.178254 

6.17726 

-38.8532 

118.735 

23.4 

0.164688 

0.165 

0.1655 

0.163564 

6.18654' 

-38.7976 

118.541 

23.45 

0.16575 

0.166 

0.1655 

0.17846 

6.1855 

•38.8038 

118.562 

23.48 

0.164462 

0.162 

0.164' 

0.167386 

6.19718 

-38.7341 

118.319 

23.53 

0.1635 

0.164 

0.163 

0.177324' 

6.19985 

-38.7181 

118.263 

23.58 

0.16475 

0.165 

0.1645 

0.19309 

6.21242 

-38.6432 

118.003 

23.62 

0.1665 

0?1^ 

0.166 

0.17799 

6.23805 

-38.4906 

117.472 

23.67 

0.167843 

0.163 

0.165 

0.175528 

6.24839 

-38.4291 

117.259 

23.7 

0.166207 

0.161 

0.162 

0.175621 

6.25527 

-38.3882 

117.117 

23.75 

0.164 

0.165 

0.163 

0.179344 

6.26366 

-38.3385 

116.945 

23.8 

0.168161 

ojf^ 

0.163 

0.180484' 

6.27727 

-38.2578 

116.666 

23.83 

0.16175 

o?i^ 

0.1615 

0.178057 

6.28814 

-38.1935 

116.444 

23.88 

0.1635 

0.164 

0.163 

0.177977 

6.30246 

-38.1088 

116.153 

23.93 

0.167057 

0.16 

0.162 

0.17917 

6.31511 

-38.0341 

115.896 

23.97 

0.16225 

0.163 

0J615 

0.179219 

6.32564 

-37.9719 

115.682 

24.02 

0.163 

0.163 

0.163 

0.180372 

6.34033 

-37.8854 

115.385 

24.07 

0.1615 

0.161 

0.162 

0.183966 

6.35529 

-37.7973 

115.084 

24.1 

0.16325 

0.164 

0.1625 

0.183786 

6.37455 

-37.6841 

114.696 

24.15 

0.16475 

0.165 

0.1645 

0.187317 

6.39208 

-37.5811 

114.345 

24.18 

0.169348 

0.163 

0.164 

0.181045' 

6.41125 

-37.4687 

113.961 

24.23 

o?i^ 

oTi^ 

oIm 

0.197011 

113.763 

24.28 

0.16525 

oTree" 

0.1645 

ol^ 

0.158 

0.162 

0.179409 

6.46684 

-37.1433 

112.854 

24.37 

0.161 

0.162 

0.16 

0.186678 

6.48304 

-37.0486 

112.533 

24.42 

0.162 

0.162 

0.162 

0.18404 

6.50438 

'“-36.9241 

112.112 

24.45 

0.16125 

0.161 

0.1615 

0.183937 

6.52262 

-36.8179 

111.752 

24.5 

0.1595 

0.159 

0.16 

0.181387 

6.54131 

-36.7091 

1 1 1 .385 

24.55 

0.1605 

0.161 

0.16 

0.184968 

6.55926 

-36.6046 

111.033 

24.58 

0.158 

0.157 

0.159 

0.186053 

6.57925 

-36.4885 

110.641 

24.63 

0.1585 

0.159 

0.158 

0.183407 

6.60206 

-36.3561 

110.196 

24.68 

0.15075 

0.148 

0.1535 

0.18328 

6.62224 

-36.2392 

109.803 

24.72 

0.154 

0.156 

0.152 

0.184221 

6.64847 

-36.0873 

109.294 

24.77 

0.15375 

0.153 

0.1545 

0.18155 

6.67273 

-35.9469 

108.823 

24.8 

0.156 

0.157 

0.155 

0.185046 

6.69495 

-35.8185 

108.394 

24.85 

0.15775 

0.158 

0.1575 

0.182414 

6.71807 

-35.6851 

107.948 

24.9 

0.1565 

0.156 

0.157' 

0.1 94527 

6.73762 

-35.5723 

107.572 

24.93 

0.15675 

0.157 

0.1565 

0.188041 

6.76764 

-35.3994 

106.995 

07i57 

0.157 

0.182933 

6.79225 

-35.2578 

106.524 

25.03 

0.157 

0.157 

0.157 

0.186496 

6.81256 

-35.141 

106.136 

25.07 

0.1645 

0.167 

0.162 

0.186324 

6.83557 

-35.0089 

105.697 

25.12 

0.161 

0.159 

0.163 

0.189975 

6.85253 

-34.9116 

105.375 

25.17 

0.156 

0.155 

0.157 

0.184943 

6.87496 

-34.783 

104.949 

25.2 

0.16275 

0.152 

0.1535 

0.184805 

6.89729 

-34.6552 

104.527 

25.25 

0.15725 

0.159 

0.1555 

0.18217 

6.92192 

-34.5143 

104.062 

25.28 

0.161363 

0.154 

0.1565 

0.1 73589 

6.94099 

-34.4054 

103.703 

25.33 

0.15175 

0.151 

0.1525 

0.18361 

6.95031 

-34.3522 

103.527 

25.38 

0.15475 

0.156 

0.1535 

0.187103 

6.97451 

-34.2142 

103.074 

25.42 

0.1515 

0.15 

0.153 

0.184481 

6.99898 

-34.0748 

102.616 

25.47 

0.1545 

0.156 

0.153 

0.18794 

7.02384 

-33.9334 

102.152 

25.5 

0.15675 

0.157 

0.1565 

0.185306 

7.04894 

-33.7907 

101.685 

25.55 

0.154 

0.153 

0.155 

0.188781 

7.07029 

-33.6694 

101.288 

25.6 

0.14925 

0.148 

0.1505 

0.189732 

7.09621 

-33.5224 

100.807 

25.63 

0.148 

0.148 

0.148 

0.189372 

7.12625 

-33.3521 

100.252 

25.68 

0.154 

0.156 

0.152 

0.188995 

7.15684 

-33.1789 

99.6872 

25.73 

0.156 

0.156 

0.156 

0.1 89947 

7.18261 

-33.0331 

99.2127 

25^ 

0.160142' 

0.153 

0.1545 

0.172927 

7.20752 

-32.8923 

98.755 

25.82 

0.1545 

0.155 

0.154 

0.187583 

7.21687 

-32.8395 

98.5837 

25.87 

0.1535 

0.153 

0.154 

0.190997' 

7.24097 

-32.7036 

98.1429 

25.9 

0.15375 

0.154 

0.1535 

0.191923 

7.26819 

-32.5502 

97.6461 

25.95 

0.148 

0.146 

0.15 

0.191634 

7.2958 

-32.3948 

97.143s 

26 

0.15125 

0.153 

0.1495 

0.192448 

7.32724 

-32.2179 

96.5721 

26.03 

0.15075 

0.15 

0.1515' 

0.192105 

7.35682 

-32.0517 

96.0359 

26.08 

0.153 

0.154 

0.152 

0.192966' 

7.3864' 

-31.8857 

95.5008 

26.13 

o?r^ 

0.158' 

0.156' 

0.190252 

7.41489 

-31 .7259 

94.9866 

26.17 

0.1535 

0.152 

0.155 

0.193678 

7.43851 

-31 .5936 

94.5612 

26.22 

0.15575 

0.157 

0.1545 

0.196969 

7.46696 

-31.4343 

94.0501 

26.25 

0.15325 

0.152 

0.1545' 

0.190631 

7.49604 

-31.2717 

93.5287 

26.3 

0.152 

0.152 

0.152 

0.191589 

7.52232' 

-31.1249 

93.0584 

26.35 

0.15275 

0.153 

0.1525 

0.193704 

7.55007 

-30.97 

92.5631 

26.38 

0.1515 

0.151 

0.152 

0.194589 

7.57867 

-30.8105 

92.0536 

0.149 

0.15 

0.191835 

7.60866 

-30.6435 

91.5206 

26.48 

0.1475 

0.147 

0.148 

0.191504 

7.63803 

-30.48 

90.9997 

26.52 

0.1485 

0.149 

0.148' 

0.192344 

7.66844 

-30.3109 

90.4614 

26.57 

0.14975' 

0.15 

0.1495 

0.191986 

7.69864 

-30.1431 

89.9281 

26.62 

0.15375 

0.155 

0.1525 

0.19286 

7.72764 

-29.9822 

89.4171 

26.65 

0.152 

0.151 

0.153' 

0.192594 

7.75439 

-29.8338 

88.9466 

243 


26.7, 

0.14575 

0.144 

0.1475  0.193506 

7.78208 

-29.6805 

86.4608 

26.73 

o7i^ 

0.148, 

0.146  0.184684' 

7.81453 

-29.5008' 

87.8924 

26.78, 

0.1465 

0.146 

0.147  0.196469 

7.84006 

-29.3597' 

87.4464 

26.83; 

0.1535 

0.156 

0.151  0.191202 

7.87379 

-29.1733 

86.8583 

26.87 

0.15225 

0.151 

0.1535  0.194573' 

7.89915 

-29.0333 

86.417 

26.92! 

0.151 

0.1 51 1 

0.151,  0.191857 

7.92753' 

-28.8768 

85.9242 

26.97; 

0.14725 

0.146 

0.1485!  0.191573, 

7.95484 

-28.7263 

85.451 

ITt" 

0.14825 

0.149 

0.1475'  0.188831 

7.98437 

-28.5638' 

84.9404 

27.05 

0.146 

0.145| 

0.147|  O.I86I62I 

8.01131! 

-28.4156 

84.4754 

27.1 

0.1465 

0.147, 

0.146!  0.187112' 

8.03789 

-28.2695 

84.0177 

27.13 

0.1455' 

0.145; 

0.1461  0.192852! 

8.06468;  -28.1225 

83.5574 

27.18 

0.145 

0.145 

0.145!  0.186456' 

8.0958 

-27.9517 

83.0236 

27.22; 

0.1435 

0.1 43 1 

0.144;  0.183785 

8.12296 

-27.8029 

82.5588 

27.27! 

0.1445 

0.145 

0.144!  0.181145 

8.14926  -27.6589 

82.1096 

27.32; 

0.1435 

0.143 

0.1 44 1  0.184579 

8.1731 

-27.5284 

81 .7032 

27.35 

0.14675 

0.148 

0.1455  0.187929 

8.19974 

-27.3828 

81 .2501 

27.4 

0.14875 

0.149 

0.1485:  0.188866 

8.22635' 

-27.2375 

80.7984 

27.45! 

0.143' 

0.141 

0.145!  0.186224' 

8.25218  -27.0965 

80.3607 

27.48 

0.14175' 

0.142 

0.1415'  0.135935! 

8.27993 

-26.9452 

79.8915 

27.53 

0.142 

0.142 

0.142  0.186828 

8.30819  -26.7913 

79.4146 

27.58 

0.14875 

0.151 

0.1465  0.18051 ! 

8.33677 

-26.6357 

78.9333 

27.62 

0.136 

0.136 

0.1435  0.184039 

8.35694 

-26.526 

78.5942 

27.67' 

0.136 

0.136 

0.136  0.181268 

8.38736 

-26.3607 

78.0839 

27.7; 

0.136 

0.136 

0.136'  0.176159 

8.41592' 

-26.2057 

77.6057 

27.75' 

0.1345 

0.134 

0.135  0.179557 

8.441 17I 

-26.0687 

77.1839 

27.8 

0.1325 

0.132 

0.133;  0.176861; 

8.46939: 

•25.9158 

76.7132 

27.85 

0.135 

0.136 

0.134  0.180183 

8.49707; 

•25.7656 

76.2524 

27.88 

0.133 

0.132 

0.134  0.183483 

8.52516 

•25.6138 

75.7856 

27.93 

0.132 

0.132 

0.132  0.180683 

8.55644 

-25.4447 

75.267 

27.97 

0.1335 

0.134 

0.133  0.133921 

8.58648 

•25.2824 

74.7697 

28.02 

0.13025 

0.129 

0.1315  0.18352 

8.61 749' 

-25.115 

74.2575 

28.07 

0.13425 

0.136 

0.1325  0.180673 

8.65013; 

-24.939 

73.7193 

28.1 

0.13675 

0.137 

0.1365  0.186349 

8.67846  -24.7863 

73.2529 

28.15 

0.13925 

0.14 

0.1385  0.183557, 

8.70863  -24.6238 

72.7573 

28.2 

0.1445 

0.146' 

0.143  O.I8O864' 

8.73549  -24.4793 

72.3169 

28.23 

0.133 

0.133 

0.1395  0.181917 

8.75746  -24.3612 

71.9575 

28.28 

0.13375 

0.134 

0.1335;  0.181548 

8.78691 

-24.2029 

71 .4763 

28.32 

0.13025 

0.129 

0.1315!  0.182401, 

8.8156 

-24.049 

71.0088 

28.37! 

0.13425 

0.136 

0.1325'  0.199979; 

8.B467B  -23.8818 

70.5014 

28.42 

0.1345 

0.134 

0.1351  0.184865 

8.885931  -23.6719 

69.6654 

28.45 

0.1325 

0.132 

0.133'  0.185664; 

8.91584  -23.5118 

69.3806 

28.5 

0.13875' 

0.141 1 

0.1365!  0.18521, 

8.94729  -23.3435 

68.8717 

28.55 

0.13875 

0.138 

0.1395!  0.1884681 

8.97468'  -23.1971 

68.4293 

28.58 

0.13275' 

0.131 ' 

0.1345!  0.185666’ 

9.00389 

-23.041 

67.9583 

28.63 

0.1355 

0.137 

0.1341  0.182817 

9.03488  -22.8756 

67.4597 

28.67 

0.13625 

0.136 

0.1365  0.183666 

9.0625 !  -22.7283 

67.0161 

28.72 

0.1345 

0.134' 

0.135!  0.195314' 

9.09008:  -22.5813 

66.574 

28.77 

0.13925 

0.14r 

0.1375!  0.186296, 

9.12533;  -22.3936 

66.0099 

28.8 

0.14175 

0.142' 

0.1415'  0.171535, 

9.152511 

-22.249 

65.5758 

28.85 

0.139 

0.138 

0.14'  0.18711?! 

9.16967  -22.1578 

65.3023 

28.9 

0.1365 

0.136 

0.137  0.186742 

9.19729 

-22.01 1 

64.8628 

28.93 

0.14125 

0.143, 

0.1395; 

0.183929 

9.22604 

-21.8584 

64.4063 

28.98 

0.1 385 1 

0.1 37 1 

0.14| 

0.190849 

9.25038 

-21.7293' 

64.0205 

29.03 

0.14075 

0.142' 

0.1395- 

0.18799 

9.28014 

-21.5716 

63.5496 

29.07 

0.14125 

0.141; 

0.141 5j 

0.187619 

9.3069 

-21 .4299 

63.127 

29.12 

0.1425 

0.143 

0.142 

0.178864 

9.33309 

-21.29141 

62.7141 

29.17 

0.1385; 

0.137! 

0.14 

0.188305 

9.35356 

-21.1831 

62.3921 

29.2 

0.1415 

0.143 

0.14; 

0.189093 

9.38151 

-21.0355 

61.9531 

29.25 

01m5 

0.145 

0.144 

0.192311 

9.40813 

•20.895 

61.5358 

29.28 

0.142, 

0.141, 

0.143 

0.191815 

9.43478 

-20.7544 

61.1188 

29.33 

0.1425, 

0.143. 

0.142; 

0.188987 

9.46247 

-20.6085 

60.6864 

29.38 

0.14375, 

0.144' 

0.1435: 

0.188421 

9.48822 

•20.4728 

60.2849 

29.42 

0.14325! 

0.143 

0.1435! 

0.188986 

9.51289 

-20.343 

59.9011 

29.47 

0.1 43 1 

0.143 

0.143' 

0.18843 

9.53807 

-20.2107 

59.5101 

29^ 

0.1415: 

0.141’ 

0.142 

0.191179 

9.56299 

-20.0797 

59.1236 

29.55 

0.1381 

0.137: 

0.139] 

018616^ 

9.59017 

•19.937 

58.7031 

29.6 

0.137 

0.137 

0.137} 

0.188858 

9.61642 

-19.7994 

58.2977 

29.65 

0.13475 

0.134 

0.1355 

0.188192 

9.6446 

■19.6517 

57.8633 

29.68 

0.13775 

0.139 

0.1365; 

0.183104 

9.67354 

-19.5001 

57.4179 

29.73 

0.1345 

0.133! 

0.136; 

0.18586 

9.69801 

-19.372 

57.0418 

29.78 

0.13675; 

0.138 

0.1355 

0.183011 

9.72564 

-19.2275' 

56.6182 

29.82 

0.143251 

0.145- 

0.1415, 

0.180247 

9.75044 

-19.0979 

56.2386 

29.87 

0.134, 

0.134 

0.1395 

0.183147 

9.7702 

-18.9947 

55.9366 

29.9 

0.13625 

0.1 37 1 

0.1355] 

0.180337 

9.79638 

-18.8582 

55.5374 

29.95 

0.146372, 

0.125 

0.131 

0.183116 

9.81977 

-18.7362 

55.1812 

30 

0.13175 

0.134' 

0.1295! 

0.182774 

9.83921 

-18.6349 

54.8858 

245 


4.00e-02 


9.00E-02 


DKEST 


2.60E-02 


I INVK  I 


:  2.S0E-02 


INVKAVE 


1.2SE-02 


OKBAL 


I  4.07E-04 


1 .22E-03 


EE3ISQ 


•1.60E-02! 


6.65E-02, 


3.86E-02 


0.277 1 


4.8SE^2 


6.94E-02 


0.1876 


9.74E-02 


.6-  i 

0.254  ; 

0.254!  1 

1  0.2035' 

;  0.142348 

0.53 1 

1  0.295  1 

0.295 

0.2745 

0.165208 

0.58  1 

0.191814  1 

9.00E-02  1 

0.1925 

0.191128 

0.63 

1 

1  1 

0.492;  ! 

0.492 

0.291 

0.216743 

0.67 

0.267 

0.267, 

0.3795; 

0.24122 

[  0.286388 


0.643 


0.304, 


0.3186 


0.291 


0.4146 


0.239309 


I  0.252867 


:  0.279165 


0.306373 


0.92 1 

0.347918 

0.358 

0.355; 

0.330755 

0.97! 

0.34304  j 

0.331 1 

0.3445 

0.341581 

1! 

0.331 75 1 

0.332 

0.3315 

0.368787 

1.05; 

0.388536! 

0.401, 

0.3665 

0.398108 

1.08' 

0.435336 

0.48 

0.4405 

0.430173 

I.I3I 

0.562 

0.562 

0.521 

0.474297 

0.494299 


1.22 

0.529673 

0.562 

0.536 

;  0.523347 

0.549207, 

j  062? 

0.542 

1  0.556414 

1.3 

0.59539; 

0.605 

0.5635: 

'  0.58578 

0.711127 

0.716652 

0.7075! 


0.836 


0.84061 


0.822 


1  0.83075 


0.712! 


0.809 


0.838' 


0.862 


0.6665 


0.645 


0.6565 


0.703 


0.724 


0.7651 


0.8135: 


0.8495: 


0.835 


0.8236 


0.85 


0.887466 


0.724254 


0.796739 


0.832742 


0.884084 


0.898671 


0.919377 


lEEHZS 


0.93751 


0.943507 


I  0.947049 


0.961819 


'  0.961484 


246 


0.88593 


0.86525 


0.87075 


0.851 1 


0.86925 


2.62 

2.671 

i 

1 

0.83325 


0.8455 


0.85625 


0.8545 


0.856 


I  0.86025 


0.875108 


I  0.85075 


0.876903 


0.83975, 


0.84725 


0.868901 


0.849 


0.8515: 


0.8305 


0.8316 


0.832 


0.84825 


,  0.842 


j _ 0.873^ 


3 


0.86025 

0.8645 

1 

2.83 

0.879449 

2.88: 

t  0.84725 

0.82: 


0.864; 


0.857, 


839 


0.848 


0.847 


0.826, 


0.852 


0.8575 


0.86 


0.8635 


0.864 


0.8555 


0.8506 


0.8575, 


0.864 


0.843' 


0.8255 


0.837 


0.8555 


48 


m 


0.844; 


0.85 


0.867 


0.8585 


0.847 


0.8445. 


0.8315 


!  0.8365 


s 

1 

0.8345  !  O.fl 

135' 

0.833 


0.8425 


0.963791 


0.969771 


0.950745 


0.970176 


0.96632 


0.959609 


0.953278 


0.952826 


0.946481 


0.946012 


0.948223 


0.954082 


lEOEISI 


0.951057 


0.936051 


2.97  1 

0.875099 

0.835: 

0.846 

0.944298 

3.02  j 

0.853 

0.859 

0.847 

0.941523 

3.05  1 

0.786 

0.786 

0.8225 

0.943611 

3.1 ' 

0.82125 

1  0.833 

0.8096 

0.943288 

0.947844 


0.94737 


0.952992 


0.946323 


0.945801 


3.53  ' 

0.84775 

‘  0.851 

0.8445 

0.947062 

3.57  1 

0.874305 

0.834  1 

0.8425, 

0.946414 

3.62:  j 

0.853896: 

0.805  1 

0.8195! 

0.937187 

3.67  ; 

0.8245 

0.831 

0.818 

1  0.934123 

_ 3LL _ 1 

0.84825 

i  0.854 

0.8425 

1  0.960592 

3.75 

0.871621 

0.827 

0.8405 

0.947364 

3.78 

0.85775  1 

0.868 

0.8476 

0.949048 

3.83 

0.885212 

0.849  j 

0.8585 

0.948136 

3.88  I 

0.84675 

0.846' 

0.8475 

0.947197 

0.943763 


0.946186 


IMIL’IU 


0.946707 


IEmEiE]l 

lEnnim 


0.943976 


0.944393 


0.942676 


0.937277 


r.TTTr.f.Ml 


0.943283 


0.943681 


247 


4.58 

0.876381! 

4.63 

0.8325 

0.83275 


_ 

5.25! 

0.805S, 


0.776761 


0.7675 


0.75076 


0.74175 


0.736 


0.72975 


0.72425 


0.71275 


0.69625 


0.63025 


0.6215 


0.6145 


0.606251 


0.699: 


0.584751 


0.58025 


0.57525 


0.844 


0.833 


0.8365 


0.8285 


0.7775 


0.7316! 


0.7255! 


0.7076 


0.6985 


0.692! 


0.6865 


0.645. 


0.638 


0.6315 


0.624 


0.616 


0.6105, 


0.601! 


0.594  • 


0.589 


0.6855 


0.5765 


0.961142 


0.942661 


0.946321 


0.943641 


0.949444 


0.943391 


0.94256 


0.94277 


0.941563 


0.941406 


0.933746 


0.929678 


0.904824 


0.895647 


0.880381 


0.873317 


0.86869 


I  0.848501 


0.843766 


I  0.812342 


I  0.810004 


0  805211 


6.02 

0.67775' 

0.676 

!  0.6795! 

0.794286 

6.07 

0.6715!  ! 

0.67' 

0.6731 

j  0.795606 

6.1 

0.664'  ' 

0.662 

0.666 

0.784684 

0.6505  1 

0.648 

0.653 

0.768971 

0.76176 


0.753317 


0.748588 


0.741404 


0.733025 


0.73202 


0.729785 


0.722637 


0.708467 


0.706204 


ICEIESEB 


0.696764 


lOUZID 


0.676446 


0.5525' 

1  i 

0.553 

0.673173 

0.55125 

0.551 

0.5515 

0.672145 

0.55025 

!  065 

0.5505 

0.669865 

248 


7.16  ! 

0.54625 

0.645 

1  0.5475 

'  0.668784 

7.721 

7.75! 

0.5437S. 


0.54025; 


0.635 


0.529  ‘ 


0.52025 


0.51825 


0.516: 


0.511 


0.5115 


0.4985 


0.494 


0.49075 


0.48775 


0.48475 


0.48175 


0.48025 


0.47025 


0.4176 


0.416; 


0.41676 


0.41475 


0.4155: 


0.40776 


0.4045 


0.544 


0.539 


0.635 


0.636! 


0.627  i 


0.503 


0. 


0.4221 


0.416 


0.416 


0.417 


!  0.5435 


0.5415: 


0.5185 


0.4885 


0.4825, 


0.4805 


0.66403 


0.673964 


0.663427 


lEom] 

w.rFgpm 


0.631851 


0.633117 


0.635615 


0.62706 


lEEXEnsl 


0.610018 


0.602734 


I  0.60154 


0.58441 


8.4: 

0.46125  { 

0.469: 

j  0.46351 

0.573365 

8.45 

0.45675  ] 

0.456' 

1  0.4676! 

1  0.67703 

8.48 

0.45225 

0.451 '  ! 

0.4536 

0.572134 

8.53.  1 

0.45025 

0_T  1 

0.4505 

0.577047 

8.58  I 

0.45  1 

0.45' 

0.45! 

0.566032 

8.67  1 

0.4495 

0.451  1 

0.448 

:  0.562346 

8-7\ _ 1 

0.44125 

0.438; 

0.4445 

0.557398 

8.75'  ! 

0.44325  1 

0.446! 

0.4416' 

0.558626 

O'!  1 

0.439! 

1  0.437, 

0.441! 

0.556128 

0.654829 


8.88 

0.4325 

1  0.433 

0.432 

0.552521 

8.93 

0.4345  1 

I  0.436,  1 

0.434 

0.546098 

8.97 

0.429 

0427^  ! 

0.431 

!  0.545144 

9.02 

0.42775 

i  0.428 

0.4276 

0.643964 

0.422' 

1 

0.419 

0.416 

0.4165 

0.641518 


0.539088 


0.532978 


0.531796 


IEES2BI 


0.621998 


0.520787 


0.51831 


9.58! 

0.39875 

0.397! 

1  0.4005! 

0.513331 

9.62 1 

0.39475 

0.394 1 

1  0.3955 

'  0.512126 

9.67 

0.394' 

0.394 

0.394 

0.497176 

249 


0.391 


0.384751 


0.38976 


0.3886 


0.37276 


0.394: 


0.39 


3 


0.387 

1 _ 

0.388 

0.38275 

1 

1 _ 

0.381 1 

0.386 


0.3895 


0.389 


0.389 


0.389 


0.507215 


0.50848 


0.607276 


0.602336 


0.49736 


0.601113 


0.602364 


0.601093 


0.498571 


0.49731 


0.494764 


0.489736 


0.488463 


0.483461 


0.482192 


0.484703 


10.48; 

0.36575  j 

0.366 

0.3655 

0.475947 

10.63 

0.36375 

0.363. 

0.3645 

0.477176 

10.57 1  1 

0.3615 

0.361  ’ 

0.362 1 

0.47691 

10.62; 

0.3565 

0.355  ■ 

0.358 

0.470893 

10.67| 

0.355  : 

0.355 

0.355 

0.472151 

0.35676 


0.3676 


0.469651 


0.470874 


0.354 


0.33525 


0.329 


0.33075 


0.3255, 


0.32025 


0.32376 


0.317 


0.3145 


0.31476 


0.30975 


0.337 


0.3355 


11.62 

0.33026 

0.33  j 

1 

TT^ 

0.33076; 

0.331 1 

0.3305 


0.3225 


0.318: 


0.315; 


0.3145 


0.3115 


0.46458 


0.465801 


10.92 

0.35125; 

1  0.361 1 

0.3515 

0.46327 

10.97, 

0.34675 

1  0.344, 

0.3475, 

0.468238 

11.02 

0.34625’ 

1  0.347 

0.3455 

0.459481 

11.05! 

0.34775 

.  0.348 

0.3476; 

0.445704 

11.1' 

0.34575 

.  .  0.345 

0.3465 

0.458164 

11.16, 

0.34425' 

I  0.344 

0.3445. 

0.46938 

11.18| 

0.34325 1 

6.343' 

0.34351 

0.464345 

1 1 .23 

0.34375' 

0.344 

0.3435' 

0.463053 

0.446462 


I  0.447882 


;  0.446588 


rKUMgi 


11.53 

0.33675 

1  0.335  i 

0.3385 

1  0.438963 

11.68 

0.332  1 

0.331 !  1 

1  0.333 

1  0.44015 

0.423674 


0.429868 


0.434788 


0.429738 


HZEOEa 


0.432128 


0.42708 


0.427007 


0.421948 


0.423207 


0.422082 


0.419648 


250 


12.28 

1  0.314  ] 

0.316' 

!  0.312^ 

0.421162 

_ 12.32^ _ J 

1  oIsTT 

0.312! 

1  0.314 

0.42001 1 

12.88 


12.93 


12.98 


0.30425 

1 

0.30025 1 

0.30176 


0.2996; 


0.29626! 


0.29826 


0.29326 


0.27825 


0.27625; 


0.27625: 


0.27125 


0.27575 


0.301 


0.2685 

0.271 

0.2706 

0.26 

0.26126 

0.26125! 

0.3015 


0.3015; 


0.2966 


6: 


0.2955 


0.2946 


I  0.29251 


0.2925; 


3.28: 

!  0.2895  1 

0.26 

>8. 

0.2835 


0.2765 


0.2726 


0.26176 


0.26061 


9 


259 


0.2615 


0.417925 


0.412897 


0.414395 


0.411998 


0.416103 


0.408471 


0.416505 


0.404847 


0.404421 


0.405927 


0.407423 


0.403896 


0.401483 


0.402992 


lECSSUl 


0.398587 


0.392542 


0.396677 


0.402108 


0.399715 


13.63, 

0.2815 

0.281 , 

0.282; 

1  0.394716 

13.68 

0.278 

0.277 

0.279  j 

!  0.39625 

13.72 

0.2815 

0.283 

0.28 1 

1  0.391274 

13.77; 

0.2815 

0.281 

0.282; 

0.392801 

13.82 

0.28175' 

0.282 

0.2815; 

0.394332 

0.389334 


0.384361 


13.98:  1 

0.27525  I 

0.276  ! 

1  0.2756 

0.380924 

14.03  1 

0.27575  1 

0.276  1 

I  0.2755 

0.389 

mmn\ 


0.385574 


0.38323 


0.387947 


iijEnszil 


0.37687 


0.368124 


0.377827 


0.371632 


0.373145 


251 


0.26125 


0.26875 


0.25325 


0.26175 


0.241 


0.24675; 


0.24925 


0.24775 


0.2395 


3 


2 


0.2425 


0.243 


0.24225 


0.24125 


Em 


2 


0.22975 ; 


0.229 


17.021 

r  — 

1 

0.23075; 

17.07 

0.22875 

17.1 

0.228 

17.23 

17.28 

.229 


0.22925! 


0.2616! 

1  0.372146 

0.2595' 

i  0.376312 

0.2445 


0.248 


0.2485! 


0.2485 


0.243 


0.2425 


0.2415 


0.2305 


0.229: 


0.2275, 


0.2305 


0.2295 


0.228 


0.23 

0.229! 

0.371412 


0.370385 


0.367081 


0.36539 


0.365706 


0.361484 


0.369212 


ieesed 


0.360983 


0.360035 


0.353017 


IKESSl 


0.351561 


IKEHIDI 


i  0.351042 


0.350141 


0.351834 


16.18| 

0.2375 

0.237: 

- 1 

0.238 

0.348769 

16.22 

0.23325 

0.232 

'  0.2345 

0.35049 

16.27 

0.23425'  1 

0.235 

0.2335; 

1  0.348349 

16.32: 

0.23875 

0.24! 

0.2375 1 

0.360088 

I6.35' 

0.23775 

0.237; 

0.2385 

0.347924 

I6.4' 

0.2385  1 

0.239 

0.238! 

0.347067 

16.45 

0.23825 

0.238 

0.2385 

0.35139 

16.48 

0.235  1 

0.234; 

0.236 

0.344064 

16.53'  j 

0.23025 

0.229 

0.2315 

0.339345 

16.62. 

0.22975  0.23 

0.2295 

0.342908 

16.67, 

0.2315.  1  0.232 

0.231, 

0.338218 

IEOEE^I 

m 


0.339409 


0.334739 


CEEifl 


0.33656 


0.334807 


0.33461 1 


0.225 

i  0.224| 

I  0.226 

1  0.335721 

0.224! 

1  0.224 

0.224 

1  0.331116 

0.224 

0.224 

'  0.224’ 

'  0.329109 

252 


17.77 

17.82 

0.22025 


0.21775 


0.21575 


0.20925, 


0.21375 


3 


0.21125 


0.211 


0.2125 


0.212; 


I  0.2095 


0.2075 


0.21075 


2 


0.21075 


0.21175 


19.67 

19.72 

[ 

0.20151 


0.20175 


0.2005 


0.19925 


0.199 


0.2025 


EB! 


0.2215 


0.2115 


0.2115, 


0.214 


0.213; 


0.212 


0.21 


0.2105 


0.2115 


0.199i 


0.199 


0.199' 


0.328994 


0.22025 

0.22 

0.2205 

0.330223 

0.22075! 

0.221 ' 

0.2205 

0.328256 

0.3237 


0.319151 


0.318504 


0.320494 


0.319877 


0.317966 


0.3135 


0.321965 


0.313036 


0.317077 


0.312639 


0.310799 


0.312284 


0.307861 


0.310183 


USEZSHI 


18.73 

I  0.21425 

1  0.215 

0.2135 

1  0.306091 

18.78 

1  0.2135' 

^  6.213 

0.214. 

1  0.305586 

18.83 

i  0.21075 

0.21 

0.2116.'  ! 

0.3038 

!  0.305912 


0.301557 


I  0.301091 


19.13,  1 

0.2015 

0.201 

0.202  1 

0.292872 

19.18',  1 

0.20325  { 

0.204' 

0.2025 

0.292472 

19.22!  I 

0.20325  j 

0.203! 

0.2035 

0.290776 

19.27, 

0.2015  I 

0.201 , 

0.202, 

0.292972 

19.32  ' 

'  0.20475  ' 

0.206 

0,2035' 

0.288707 

19.35; 

0.203,  j 

0.202  j 

0.204 

0.28832 

19.4; 

0.20275 

0.203. 

0.2025! 

0.286657 

0.295357 


0.284646 


2 

f  1 

1  i 

0.201 1 

0.281048 


0.28073 


0.283012 


0.281407 


0.277231 


0.279528 


0.276348 


19.93 

0.2045 

j  0.205 

1  0.204, 

1  0.277653 

19.97 

0.2035 

1  0.203! 

1  0.204, 

!  0.277365 

20.02 

0.2015' 

I  0.201 

0.202 

'  0.273207 

253 


2 


20.1 


20.16 


20.2 


20.23 


20.28 


asi 


20.58 


20.631 


2 


2 


2 


2 


20.85 


20.9  > 


20.93 


20.98^ 


21.03 


21.07 


2 


21.17 


0.197 


0.19675 


0.199261 


0.193261 


0.19225 


0.19575 


0.17825 


0.18175 


!  0.18075 


I  0.18 


0.18075 


0.182 


0.17776 


0.18275 


0.198 


0.198, 


0.1965 


0.1985: 


0.19651 


0.1925 


0.194. 


0.192, 


0.1955 


0.1955 


0.199 


0.1805 


0.1815 


0.18 


3 


0.1825 


0.181' 


ICEESDl 


0.268349 


0.264251 


0.266631 


0.262536 


0.262361 


0.250361 


0.255113 


0.24953 


0.248096 


0.236289 


0.236248 


0.241402 


0.249128 


21.2 

'  1 

0.176 

0.176 

0.176 

0.234914 

21.25 

1 

1 _ 1 

0.17225 

0.171 

0.1735 

1 

1  0.231068 

21.28 

1 

1 

0.17776, 

0.18! 

1  0.1766 

1 

1 

j  0.227248 

21.33 

I 

0.1815' 

0.1821 

!  0.18l! 

1 

0.226001 

21.42. 

0.18 

0.179 

j  0.181 1 

0.231205 

21147^ 

0.17676  ' 

0.176: 

'  0.1776 

0  220991 

21.621  I 

0.176  ' 

0.176 

1  0.176'  ! 

0.229697 

21.65,  1 

0.1745 

0.174' 

'  0.176 

0.225913 

21.6  ' 

0.1785  i 

i  0.18 

'  0.177 

0.222143 

21.65'  1 

0.177. 

1  0.176, 

0.178 

0.218362 

21.73  j 

0.1765  1 

0.176 

I  0.177 

1  0.220605 

21.78;  1 

0.18276 

0.185 

0.1805 

1  0.221743 

21.82 

0.182 

0.181 

'  0.183 

'  0.221639 

21.87 

1  0.18325: 

0.184 

1  0.1825 

1  0.220336 

0.1785' 


0.17875, 


0.17625 


0.1766: 


0.181633 


0.172 


0.17125 


0.18: 


0.176; 


0.1771 


0.18 


0.1691 


0.1775, 


0.1776 


0.176 


0.1785' 


0.178; 


0.1725, 


0.1705 


0.199521 


0.200925 


254 


255 


256 


257 


Appendix  E 


Instrumented  Synthesis  Method  Description 


Pass 

259 


Instnimeoted  Synthesis  Method  [44] 


Description  of  the  Method 


The  starting  point  of  the  method  is  a  collapsed-group  point-synthesis 
approximation  [45,46,47]  in  which  the  NG-element  vector  <f>  (t)  of  instantaneous  fluxes  0 
gn(t)  in  various  energy  groups  g  =  1,2,...,G  and  reactor  regions  n  =  1,2,  ..,N  is  written  as  a 
linear  combination  of  K  precomputed  expansion-functions  (or  basis-functional 


*(t) 


<h(t)  s  ^ 
k  =1 


(1) 


The  expansion  functions  are  chosen  as  fundamental  X-modes  [47,48],  They  are  generated 
by  performing  a  series  of  static  critically  calculations  corresponding  to  various  reactor 
conditions  bracketing  the  expected  transient  conditions  The  K  unknown  scalars,  T(^)(t), 
are  called  "mixing  coefflcients".  They  depend  only  on  time.  In  fact,  in  Eq.  1,  all  spatial 
and  spectral  effects  have  been  "lumped"  into  the  K  expansion  vectors  The  result  is  a 
drastic  reduction  in  the  number  of  unknowns  from  GxN  ( ~  several  thousand  or  more)  to 
K(~  10). 

To  facilitate  the  discussion  we  introduce  an  error  vector,  60(t),  defined  as 

5*(t)  =  #(t)  -  ■#(t)  (2) 

a  vewriteEq.  1  as 


4»(t)  =  ♦(t)  -  6  4»(t;  =  y  -  6$(t) 

k  =1 


(3) 


259 


The  main  difficulty  with  Eq.  3  is  that  a  theoretical  evaluation  of  an  upper  bound  for 

is  not  possible  in  general  because  of  the  great  flexibility  allowed  in  the  choice  of 

the  ^i^)'s.  Eq.  I  relies  on  the  assumption  that,  for  not-too-fast  transients,  5^t)  represents 

A 

only  a  small  correction  to  ♦(t)  and  can  therefore  be  neglected.  Since  the  eariy  days  of 
synthesis  methods,  there  has  been  considerable  numerical  evidence  to  corroborate  that 
assumption.  The  physical  reason  for  this  success  is  that,  for  most  transients  of  interest  in 
light-water-moderated  reactors,  the  prompt  neutron  population  readjusts  itself  very  rapidly 
(in  less  than  a  few  milliseconds)  to  changes  in  the  reactor  conditions,  and  this  very  rapid 
readjustment  (in  both  shape  and  amplitude)  constitutes  the  major  component  of  the  overall 
dynamic  effects.  Other  delayed  effects  (precursor  redistribution  or  delayed  feedback 
effects)  leads  to  only  minor  changes  in  flux  shape. 

Most  of  the  numerical  evidence  in  support  of  synthesis  approximations,  however, 
relied  on  tests  performed  only  in  1-D  or  2-D  geometry  because  of  the  high  computing- 
costs  associated  with  3-D  finite-difference  calculations.  Today,  modem  computers  and 
nodal  diffusion  codes  make  these  3-0  calculations  fairly  inexpensive  even  for  desktop 
machines.  Therefore,  it  is  now  possible  and  of  interest  to  assess  the  validity  of  Eq.  1  when 
the  ^(^)*s  result  from  3-D  static  nodal  calculations. 

One  "standard"  way  to  determine  the  mixing  coefficients,  T(*^)(t),  consists  in 
substituting  Eq,  1  into  the  time-dependent  neutron  diffusion  equation  for  <f>(t)  and  in 
requiring  the  resulting  formula  to  be  true  in  a  weighted  integral  sense.  Alternatively,  a 
variational  formulation  can  be  used  [45,48].  In  either  case,  the  result  is  a  set  of  K  first- 
order,  nonlinear,  ordinary  differential  equations  for  the  T(^)'s.  In  principle,  finding  a 
numerical  solution  to  these  equations  is  not  too  difficult  provided  all  initial  conditions  are 
known.  However,  the  determination  of  the  various  coefficients  appearing  in  these 
equations  (in  the  form  of  integrals)  is  not  an  easy  task  in  general.  In  fact,  some  integrands 
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cannot  be  properly  computed  unless  extra  unknowns  and  additional  equations  are 
introduced. 

The  present  method  is  an  attempt  to  avoid  these  complications  by  determining  the 
T0f)'s  in  a  more  direct  way.  Rather  than  using  global,  theoretical  information  as  in  the 
above  integral  methods,  local,  experimental  information  in  the  form  of  flux-measurements 
is  used.  This  is  possible  if  one  assumes  that  the  reactor  is  equipped  with  a  number  of 
fixed,  fast-responding,  in-core  neutron  detectors  (of  the  'fission  chamber*  or  'prompt  self- 
powered'  type),  each  characterized  by  a  known  response-function.  The  output,  C(j)(t),  of 
the  j-th  detector  under  a  flux  0  (t)  is  written  as 


G  N 


=  S  E  Vn  (t)  ;  j  =  1.2 . J 

g  =n  n  =1 


(4) 


or  equivalently,  using  an  inner-product  notation. 


•sT 


C(j)(t)  =  4.(t)  ;j  =  1,2,...,J 


(5) 


The  cross  sections  in  Eq.  4  result  from  homogenization  calculations.  The 

gn 

summations  have  been  extended  to  the  entire  core  volume  and  neutron  energy-spectrum, 
with  the  convention  that  are  zero  outside  the  homogenization  region.  These 

homogenized  response-functions  vary  only  slowly  with  time  and  no  time-dependence  is 

shown  explicitly.  Vp  is  the  volume  of  node  n  and  has  been  absorbed  in  each  element  of 

..,T 

the  row  vector  inEq.  5. 

Eq,  5  is  a  set  of  J  "observation  equations".  For  notation  convenience,  these 
equations  as  well  as  Eq.  3  are  recast  in  matrix  form  as 
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(6) 


$(t)  =  *  -  6  $(t)  =i'T(t)  -  5*(t) 
and 

I  =C(t)  (7) 

In  the  above  matrix  notation,  rp  and  are  GN-by-K  and  GN-by-J  rectangular  matrices 
respectively.  Substitution  of  Eq.  6  into  Eq.  7  yields 

5;'^’i^T(t)  -  I  =C(t)  (8) 

or  simply 

AT(t)  +E(t)  =C(t)  (9) 

where 

\  s  I  ^  (10) 

is  a  J-by-K  matrix  with  positive  entries  (each  entry  is  an  inner  product),  and 

E(t)  »  -  (11) 

is  a  column  vector  of  length  J  of  systematic  errors.  If  one  assumes  that  the  unknown 

A 

error-vector  6  ♦  (t)  in  Eq.  6  is  small  with  respect  to  ♦(!)  (in  the  sense  of  some  vector 


norm),  then  E(t)  is  also  small  with  respect  to  A  T(t)  in  Eq.  9.  In  these  conditions,  Eq.  9 
can  be  rewritten  as 

AT(t)  *C(t)  (12) 

If  A  could  be  "inverted"  (once  and  for  all),  then  Eq.  12  could  be  solved  for  T(t)  every  time 

signals  are  received  from  the  instrumentation.  However,  in  general,  J  and  therefore  A 

is  not  square  and  cannot  be  simply  "inverted".  Nevertheless,  a  minimum-norm  least- 

squares  solution,  Tls(0>  always  be  found.  This  least-squares  solution  can  be 

A 

substituted  in  Eq.  6  to  determine  ^(t).  From  this  reconstructed  flux-vector,  integral 
quantities  such  as  flssion  power,  amplitude  function,  and  reactivity  (inverse  kinetics)  can 
be  computed  [47].  This  procedure  appears  quite  straightforward  and  can  be  expected  to 
be  fast  and  fairly  inexpensive 

In  fact,  this  simple  idea  of  directly  fitting  precomputed  expansion-functions  to 
detector  readouts  is  not  new  [49,50,51,52,53,54].  However,  it  seems  that  no  result 
involving  3-D  nodal  expansion-functions  has  ever  been  reported.  In  addition,  a  number  of 
difficulties  with  this  procedure  have  not  always  been  recognized. 

A  first  difficulty  is  with  the  error  term,  6  #(t),  because  as  already  mentioned  no 
theoretical  estimate  is  available  to  quantify  this  error.  This  is  a  direct  consequence  of  the 
fact  that,  in  general,  no  restriction  is  placed  upon  the  method  used  to  generated  the 
expansion  functions  and  ,  once  a  method  has  been  chosen,  no  prescription  is  given 
for  selecting  the  particular  reactor-configurations  for  which  basis  functions  should  be 
computed.  On  the  other  hand,  this  great  amount  of  flexibility  is  also  the  key  to  the  success 
of  the  flux-synthesis  idea. 

Other  potential  sources  of  difficulties  are  uncertainties  in  the  J^0)’s  which  may 
lead  to  systematic  errors  in  both  A  and  C(t)  (Eq.  7).  Errors  of  numerical  of  physical  origin 
in  the  may  worsen  this  bias  in  A.  In  addition,  the  vector  C(t)  will  unavoidably 
contain  random  errors  from  measurement  noise 
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An  additional,  potentially  serious,  numerical  problem  arises  from  the  fact  that  some 
of  the  expansive  functions,  making  up  the  columns  of  the  matrix  ^  may  be  almost 
linear  combinations  of  other  expansion  functions.  As  a  result,  the  matrix  A  =  £  ni^y 
be  very  ill-conditioned,  i.e.  almost  rank-deficient.  In  some  extreme  cases,  this  ill- 
conditioning  may  lead  to  a  least-squares  solution  of  Eq.  12  which  is  completely 
meaningless  because  of  roundoff-error  amplification.  The  same  problem  may  arise  from 
row-redundancies  when  only  a  reduced  number  of  detectors  is  used  with  symmetries  both 
in  their  locations  and  in  the  core  composition  pattern. 
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